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ABSTRACT
Distal radius fractures are the most common fractures in humans and frequently
have suboptimal outcomes, fostering considerable discussion with regard to treatment.
This body of work was based on the postulate that quantifying the biomechanics,
specifically the kinematics and loading of the distal radial ulnar joint (DRUJ) before and
after simulated distal radius malalignment would provide important new information to
the treatment of these fractures. Furthermore, an investigation into the effect of softtissues would further the biomechanical understanding of these disorders.
In light of the foregoing, a distal radial implant to simulate malalignment in vitro
was designed and developed. An instrumented ulnar load cell was also employed to
measure the load transfer at the distal ulna.
A series of in vitro studies employing simulated muscle loading to produce
forearm rotation were conducted using an upper extremity joint simulator. The distal
radial implant and ulnar load cell were implanted and an electromagnetic tracking device
was used to record the motion of the radius and ulna. The kinematics and joint loading of
the native forearm were measured at the beginning of each testing and compared with
simulated distal radial deformities.
As the severity of distal radial deformities worsened, a gradual loss of forearm
rotation, a progressive change in kinematic patterns and an increasing alteration in the
load transfer at the distal ulna was quantified. No absolute threshold in distal radial
deformity was noted before joint dysfunction was markedly disturbed.

This is in

agreement with clinical findings as patients with malunited Colles’ fractures often present

iii

with reduced range of motion, joint stiffness and pain, suggesting that this pain may be in
part be due to the increase in joint loading required to generate forearm rotation.
Sectioning the triangular fibrocartilage complex, which is commonly injured in
association with distal radial fractures, restored rotation and reduced the loading on the
joint; however, this resulted in greater alteration of DRUJ kinematics.
In conclusion, this work has provided valuable information to assist
biomechanists and clinicians in understanding the implication of both osseous and soft
tissue disorders of the distal radius and provides better evidence to improve patient
outcomes.

Keywords:

distal radioulnar joint; kinematics; joint load transfer; load cell; implant

design.
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1

Chapter 1 - Introduction to the Distal Radioulnar Joint (DRUJ)
and Kinematics
O verv iew
The objective o f this thesis is to improve the current state o f knowledge
regarding the kinematics o f the Distal Radioulnar Joint (DRUJ) in the
setting o f a distal radial malalignment and to assist clinicians in their
decisions regarding the indications for surgical treatment. This chapter
provides an overview o f the background anatomy and kinematics o f the
distal radioulnar joint and distal radial malalignments. It also introduces
techniques used to measure and evaluate osseous deformities. Finally
there will be a summary o f the rationale, objectives, and hypotheses.

1.1

T h e D is t a l R a d io u l n a r J o in t

(DRUJ)

The upper extremity is a complex structure of which the shoulder, elbow, forearm
and wrist work in conjunction to position and stabilize the hand in our environment for a
wide range of daily tasks (Boyes 1970; Bowers 1991). The Distal Radioulnar Joint
(DRUJ) of the ann is one of the two forearm joints, along with the Proximal Radioulnar
Joint (PRUJ), responsible for forearm motion. Together these enable forearm rotation,
the motion of rotating the hand about the long axis of the forearm, a motion referred to as
pronation (palm down) or supination (palm up) (Figure 1.1). Loss of forearm rotation is
poorly tolerated due to the lack of compensatory motions of the adjacent joints of the
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wrist, elbow and shoulder (Bowers 1991; Peterson et al. 1995).

Early reports of

deformities of the distal radius with Pouteau (1783), Colies (1814) and Dupuytren (1847)
noted relatively good prognosis irrespective of treatment given (Green et al. 2005). Since
then, a number of researchers have acknowledged the complexity of the injury and the
variable outcome (af Ekenstam et al. 1985a; Petersen et al. 1993; Berger 1997; Stuart et
al. 2000; Green et al. 2005). Despite research advances in the understanding of the
kinematics of the DRUJ, the influence of osseous deformities of the distal radius due to
malunited fractures on the kinematics of the DRUJ is not fully understood (af Ekenstam
et al. 1985b; Adams 1993b; Kihara et al. 1996; Bronstein et al. 1997; Stoffelen et al.
1998; Moore et al. 2002; Hirahara et al. 2003; Ishikawa et al. 2005; Crisco et al. 2007).
The main objective of this thesis is to improve our understanding of the effects of osseous
deformities of the distal radius on the function of the DRUJ, thereby improving surgical
decision making in the treatment of these common injuries.

3

Figure 1.1 - Pronation and Supination of the Forearm
Motion o f the forearm. Supination is the rotation o f the forearm so that
the palm faces up or anteriorly. Pronation will move the palm o f the hand
so that it faces down. Modified image courtesy o f Sara Guerra.

1.1.1

O steology
The forearm is made up of two long bones, the radius and the ulna. These bones

come together and form two joints, the PRUJ at the elbow and the DRUJ at the wrist.
The DRUJ is a uniaxial synovial pivot joint or trochoid articulation between the convex
head of the ulna and the concave sigmoid notch of the radius (Figure 1.2) (Bain et al.
2007).
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Proximal
Radioulnar

Distal
Radioulnar

Figure 1.2 - The Bones of the Upper Extremity
An anterior view o f a right arm shows the humerus, the radius and the
ulna. The forearm bones create two joints, the distal and proximal
radioulnar joints. Image courtesy o f Sara Guerra.
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The distal end of the radius expands from the diaphysis to the triangular shape of
the articular surface (Lichtman et al. 1997). Perhaps the one of the more distinguishable
features of the distal radius is the prominent radial styloid (most distal structure of the
radius located on the radial surface). The anatomy of the distal radius is relatively well
known and the standard measurements of the distal radius include radial inclination, volar
tilt, radial length and ulnar variance (Figure 1.3). The distal radius has an average volar
tilt of 11° (± 11°), a radial inclination of 23° (± 5°), a radial length of 9-12mm and ulnar
variance is 0.8 mm (± 1.5mm) (Gartland et al. 1951; Dowling et al. 1961; Scheck 1962;
Friberg et al. 1976; Taleisnik et al. 1984; Jung et al. 2001). On the ulnar side is the
sigmoid notch concavity that is covered with cartilage to articulate with the distal ulna.
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Figure 1.3 —Various Angles to Assess Distal Radius Malalignment
(A) Radial inclination (RI) normal, 22 °. (B) Radial length (or shortening)
(RL), normal 12mm. (C) Ulnar variance (UV), normal, 0-2mm. (D)
Dorsal or volar tilt, normal 11° volar. Standard deviations provided in
Section 1.1.1.
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Two key anatomical features of the distal ulna include the ulnar head and ulnar
styloid (Figure 1.4).

The joint capsule extends between the distal radius and ulna

crossing over the distal ulna forming a L-shape in the coronal view (Lichtman et al.
1997). This capsule allows for rotational movement and has been shown to contribute to
stabilization, especially in the extreme ranges of motion (Kleinman et al. 1998; Ward et
al. 2000).

Radial

Dorsal and Volar
Margins of the
Sigmoid Notch

Figure 1.4 - The Anatomical Features of the Radius and Ulna
A disarticulated distal view o f the two forearm bones shows important
bony landmarks including the ulnar styloid, ulnar head, radial styloid,
DRUJ, and the dorsal and volar margins o f the sigmoid notch.
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1.1.2

O sseous Stability
The osseous stability of the DRUJ is provided by the congruity between the

sigmoid notch of the radius and the ulnar head (Lindau et al. 2002a). The curvatures of
the two articular surfaces differ, thus implying limited intrinsic stability. The minimal
bony constraint allows for both rotational and sliding motions during forearm rotation
(King et al. 1986a; Schuind et al. 1991; af Ekenstam 1992). The curvature of the sigmoid
notch is approximately 8mm proximal-distal and 15mm dorsal-palmar with a 47-80° arc
of curvature and an average radius of approximately 15mm (af Ekenstam 1992). The
head of the distal ulna is semi-cylindrical in cross section with an average radius of
curvature about half as long as the radius of the sigmoid notch (approximately 10mm)
(Figure 1.5). Joint cartilage covers 90-135° of the circumference (af Ekenstam 1992). A
cam effect is generated from the distal ulna as the head is offset relative to the shaft by
2.5 ± 1.4mm (Gordon et al. 2002). The distal end of the ulna has a 20° inclination
relative to the long axis and the sigmoid notch is also inclined at the articulation to
partner with the ulna (Figure 1.6) (af Ekenstam 1992). The ulnar head articulates with
the palmar aspect of the sigmoid notch in supination and with the dorsal aspect in
pronation (Figure 1.5) (King et al. 1986a).
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Dorsal

Neutral

Supination

Pro nation

Figure 1.5 —Transverse View of the Distal Ulna and Radius
The radius o f curvature o f the sigmoid notch is approximately 15mm;
whereas the radius o f cun>ature o f the ulna is 10mm. This configuration
allows for a wide range o f forearm rotation involving both rotation and
translation o f the radius relative to the ulna. In supination (Figure A) the
radius translates dorsally with respect to the ulna such that the ulnar head
lies on the volar aspect o f the sigmoid notch. Conversely, in pronation
(Figure C), the radius is translated volarly such that the ulnar head rests
on the dorsal aspect o f the sigmoid notch o f the radius.
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Ulna
Head
Centre

Figure 1.6 - The Distal Ulna and Radius in the Coronal Plane
The head o f the distal ulna is offset relative to the shaft by 2.5 ± 1.4mm
and has a 20° inclination relative to the long axis. The distal radius
(sigmoid notch) is also inclined at the DRUJ to articulate with the ulna.
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The relative length, rotational and angular relationship of the radius and ulna are
important contributors to DRUJ stability and function, yet they vary considerably
between people (Palmer et al. 1982; af Ekenstam et al. 1985a; af Ekenstam et al. 1985b;
Short et al. 1987; McQueen et al. 1988; Bowers 1991; Bruckner et al. 1992; Adams
1993b; Bruckner et al. 1996; Tolat et al. 1996; Bronstein et al. 1997; Adams 1998;
Stoffelen et al. 1998; Lindau et al. 2000; Lo et al. 2001; Fernandez et al. 2002; Lindau et
al. 2002a; Hirahara et al. 2003; Green et al. 2005; Crisco et al. 2007). The relatively
minimal osseous congruity of the DRUJ often manifests clinically as DRUJ instability
following osseous and ligament injuries. The interaction of the articular surfaces is also
responsible for a loss of motion so commonly seen following deformities of the distal
radius, sometimes referred to as ‘DRUJ lock’. As such, further investigation is warranted
on the effects of osseous malignment on the stability and function of this joint.

1.1.3

L igaments and Soft Tissue Stabilizers
The DRUJ is a trochoid articulation that is stabilized by an elaborate arrangement

of bony congruence and soft tissue constraints. The limited bony constraints afford a
wide arc of rotation; as such, there is a greater dependence at the DRUJ on the soft tissue
stabilizers.
It is generally accepted that the Triangular Fibrocartilage Complex (TFCC),
which suspends the distal radius and ulnar carpus from the distal ulna and unites the
distal ends of the radius and ulna, is the primary ligamentous stabilizer (Figure 1.7)
(Palmer et al. 1981; af Ekenstam et al. 1985a; af Ekenstam et al. 1985b; Palmer 1989;
Schuind et al. 1991; Hagert 1992; Garcia-Elias 1998; Bowers 1999; Gofton et al. 2004).
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The descriptions of the individual components of the TFCC vary throughout the
literature; however, this thesis will adopt the classification of Palmer and Wemer (Palmer
et al. 1981; Palmer et al. 1984). The components are the central portion of the triangular
fibrocartilage (TFC) or articular disc, the dorsal and palmar radioulnar ligament, the
meniscus homologue (ulnocarpal meniscus), the ulnar collateral ligament and the
subsheath of the extensor carpi ulnaris. These ligaments originate on the volar and dorsal
aspects of the sigmoid notch and converge towards the base of the ulnar styloid (the
fovea of the ulna), continuing to insert on the carpus (af Ekenstam 1992). The fovea is a
groove that isolates the ulnar styloid from the ulnar head.

Isolating these single

components for identification can create difficulties; rather they are relatively
indistinguishable areas within the TFCC. The palmar and dorsal thickenings are the
origins of the palmar radioulnar ligament (PRUL) and dorsal radioulnar ligament
(DRUL), respectively. The extensor carpi ulnaris (ECU) sheath is located to the ulnar,
dorsal side of the ulnar styloid and inserts at the base of the fifth metatarsal. Arising from
the fovea of the ulna is the ulnar collateral ligament (UCL), a thickening of the ECU
subsheath.
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Figure 1.7 - Triangular Fibrocartilage Complex (TFCC)
The triangular fibrocartilage complex suspends the radius and carpus
above the distal ulna and consists o f AD = articular disc, DRL = dorsal
radioulnar ligament, PRL = palmar radioulnar ligaments, MH =
meniscus homologue, UCL = ulnar carpal ligament, and ECU =
subsheath o f the extensor carpi ulnaris. Additionally labelled, R = radius,
U = ulna, S = scaphoid, L = lunate, T = triquetrum. Note: ECU and
UCL are not as clearly discernable as shown.
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Other soft tissues that are thought to contribute to joint stability include the DRUJ
capsule, most notably in extremes of rotation, (Kleinman et al. 1998; Ward et al. 2000)
and the central band of the interosseous membrane (IOM), (King et al. 1986b; Hotchkiss
et al. 1989; Pfaeffle et al. 2000).
The

relative

importance

of

each

ligament

remains

controversial.

Notwithstanding, it is generally understood that the palmar radioulnar ligaments (PRUL)
become taut in supination providing a restraint of the radius to palmar translation.
Conversely, the dorsal radioulnar ligaments (DRUL) are tightened in pronation
functioning as the principal constraint of the radius to dorsal translation.

Several

cadaveric studies to assess the stability of the DRUJ have noted that gross instability of
the joint does not occur until a number of soft tissues have been sectioned (King et al.
1986b; Kihara et al. 1995; Stuart et al. 2000). Gofton supports this finding, indicating
that these soft tissues collectively contribute to the stability of the joint, moreover, the
TFCC plays potentially the most critical role as it maintains stability in the absence of all
other soft tissues (Gofton et al. 2004).

1.1.4

Muscles
Several muscles originate at the proximal forearm and distal humerus extending

over the wrist and distal forearm to insert into the hand. These muscles facilitate digital
motion, wrist flexion and extension, and forearm rotation.

Due to the location and

function of the DRUJ, multiple muscles have the potential to affect the joint (Gordon et
al. 2006a). In addition to the muscles acting across the wrist and hand, the DRUJ is
primarily loaded by means of two pronation and two supination agonists (Figure 1.8).
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The forearm pronator muscles include the pronator teres (PT) and pronator
quadratus (PQ) (Basmajian 1985). The pronator teres has two heads, humeral and ulnar.
The humeral head is larger and more superficial, arising from the medial epicondyle of
the humerus and common flexion tendon inserting in the middle third of the lateral
surface of the radius. The ulnar head is a thin bundle of muscle fibres originating on the
medial side of the coronoid process of the ulna joining with the humeral head. The
synergist to the pronator teres is the pronator quadratus, a square shaped muscle
originating at the distal quarter of the volar surface of the ulna inserting at the distal
quarter volar surface of the radius. The pronator quadratus has two heads, a deep, which
acts to stabilize the joint, and the superficial one that serves to pronate (Stuart 1996). As
these muscles contract, the lateral side of the radius is brought closer to the ulna at the
distal end, subsequently pronating the forearm.
The supinators of the forearm are the supinator and biceps muscles (Basmajian
1985).

The supinator is a broad muscle arising from the lateral epicondyle of the

humerus and the supinator crest of the ulna terminating on the lateral anterior surface of
the upper third of the radius. The biceps brachii muscle is a two-headed tri-articulate
muscle, working across three joints.

The long head originates at the supraglenoid

tubercle and the short head at the coracoid process of the scapula terminating at the radial
tuberosity. These muscles work together to bring the forearm into a supinated position.
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A

B

Biceps
Supinator
Pronator Teres
Pronator Quadrants
Triceps

Figure 1.8 - Origins and Insertions of Contributing Muscles of Forearm Rotation
The anterior (A) and posterior (B) views o f the upper extremity are shown.
The various colours represent the important pronation and supination
muscle origins and insertions sites that contribute to forearm motion; the
triceps are shown as it is activated to prevent elbow flexion. Note: the
biceps origins on the supraglenoid tubercle and corocoid process o f the
scapula are not shown.
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1.2

D is t a l R a d ia l M a l a l ig n m e n t
Fractures occur at the distal end of the radius more frequently than at any other

location for both adults and children, comprising three-forths of all forearm fractures and
approximately 10 to 12% of all total fractures (Bacom et al. 1953; Owen et al. 1982;
Mallmin et al. 1992; Larsen et al. 1993; Graff et al. 1994; Levine 1996; Lindau et al.
1999; Praemer et al. 1999; Court-Brown et al. 2006). Most injuries to the wrist and lower
end of the radius result from a fall from the outstretched hand. Reported complications of
distal radial fractures vary in literature from 6% to 80%, which may result from either the
fracture or its treatment (Chapman et al. 1982; Becton et al. 1998; McKay et al. 2001).
Bacom and Kurtzke found in a retrospective study that 97% of 2132 cases of Colles’
fractures incurred a permanent loss of function. Malalignment of the distal radius is the
most commonly reported complication (Bacom et al. 1953) after these injuries and are a
frequent source of residual pain, stiffness and loss of function (Altissimi et al. 1986).
Common types of malalignment include an angulation deformity, shortening and
radiocarpal or radioulnar joint incongruity (Jenkins et al. 1988). Loss of congruity at the
articular surface often leads to post-traumatic arthritis.

An increased incidence of

arthritis
at the distal radial ulnar joint (DRUJ) has been reported with healed angulated
t
distal radial fractures (Fernandez 1993c). The specific injury pattern is a result of a
number of contributing factors including the velocity, the position of the hand and wrist
at impact, the degree of rotation of the forearm and the quality of the underlying bone
(Fernandez 1993c).
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1.2.1

Colles’ Malalignment
An Irish surgeon and anatomist, Abraham Colles in 1814, first described

malalignment of the distal radius. The Colles’ malalignment is the most common of
distal radial deformities and it is a malalignment that does not extend into the joint (extra
articular) with combinations of dorsal comminution, dorsal angulation, dorsal
displacement and/or radial shortening. In most patients it occurs approximately 25mm
from the distal end (Green et al. 2005). Medial or lateral displacement may also be
present (Lichtman et al. 1997). A malalignment of this type is common when landing
with the wrist hyperextended, forward displacement of the torso with a pronated forearm
(Figure 1.9). The dorsal surface of the forearm undergoes compression while the volar
surface undergoes tension.
Malalignment of the distal radius with angulation, radial shortening, translation
and a loss of joint congruity are most commonly encountered. In a study by Lidstrom of
515 malalignments of the distal radius treated by casting, the incidence of each were:
39% slight (dorsal angulation of 1° to 10°, shortening of 3 to 6mm), 32% moderate
(dorsal angulation of 11° to 25°, shortening of 7 to 11mm) and 5% severe deformity
(dorsal angulation exceeding 25°, shortening of more than 11mm) (Lidstrom 1959).
Others reported risk of malalignment from 12 to 70% when applying simple cast
immobilization to treat Colles’ deformities (Bacom et al. 1953; Stewart et al. 1985;
Altissimi et al. 1986; McQueen et al. 1988).
Interest in distal radius malalignment is triggered by its high prevalence and the
desire to develop an understanding of the outcome variances and the influence of
technology in evaluation and treatment. For years distal radius deformities were injuries
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with a set treatment plan of closed reduction with cast immobilization that was assumed
to provide a positive outcome, free of pain and which would restore mobility. The goal
of treatment is to obtain sufficient pain-free motion, and a restoration of previous
function and mobility. However, as illustrated above, this has not historically been the
case.

Clinicians are uncertain on the indications for and most optimal methods of

treatment operative or non-operative management.
Despite the high frequency of Colles’ deformities, indications for surgical
intervention and the method of treatment remain somewhat subjective.

The goal in

treating a distal radius malalignment is the timely restoration of function, and the
prevention of chronic disability. This involves diagnosis, appropriate intervention, and
post treatment rehabilitation.

The ability to select appropriate treatment is the

development of a functional understanding of the injury.

Although results from

numerous clinical and laboratory studies have aided the understanding of these complex
injuries, the parameters of distal radial reductions that lead to an acceptable functional
outcome are poorly defined in the literature. Thus treatment decisions often empirical, as
such further investigation is necessary.
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Figure 1.9 - Mechanism of Distal Radial Malalignment
Most injuries to the distal radius are the result from a fall on the
outstretched hand. The velocity o f the impact and position o f the hand and
wrist denote the specific injury pattern. Colles ’ malalignment (as shown
above) are dorsally displaced deformities result from landing on a wrist in
extension, pronating the forearm.
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1.3

K in e m a t ic s
The distal radioulnar joint allows the movement of the radius over the relatively

fixed ulna, while rotating the hand approximately 180 degrees from the supinated to
pronated position (King et al. 1986a; Hagert 1992). As previously described, the radius
of curvature of the sigmoid notch is larger (15mm) than that of the ulnar head (10mm),
therefore pronation and supination results in a combined rotation and sliding motion at
the DRUJ (King et al. 1986a; Schuind et al. 1991; af Ekenstam 1992). As a consequence
of both a rotational and translational component, this motion does not have a single
centre of rotation (King et al. 1986a). Rotation of the radius about the ulna occurs about
a longitudinal axis that passes roughly through the centre of the radial head at the PRUJ,
interosseous membrane to a loci of points at the fovea at the base of the ulnar styloid at
the distal end (Figure 1.10) (King et al. 1986a; Schuind et al. 1991). This instantaneous
axis or screw displacement axis (SDA) moves slightly with each increment of rotation.
Due to the varying articulating surface geometry, joint surface contact is optimal at
neutral only with about 60% of the radius and ulna in contact (af Ekenstam 1992; Lindau
et al. 2002a). The movement of the ulnar head somewhat palmar in supination and dorsal
in pronation, decreases DRUJ contact to about 10% at full rotation necessitating the
important contribution of soft tissues for joint stability (af Ekenstam 1992; Lindau et al.
2002a).
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-Ulna
Radial Head

Axis of Rotation w i
Radius

Ulnar Styloid

Figure 1.10 - Axis of Forearm Rotation
The longitudinal axis o f forearm rotation passes through the centre o f the
radial head at the proximal end and distally through the fovea o f the ulna,
near the base o f the ulnar styloid.
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Acute or chronic DRUJ instability is an important cause of disability due to pain
and loss of forearm rotation. DRUJ instability results from derangement of one of more
of the three major determinants of stability: the integrity of the soft tissue stabilizers of
the DRUJ (i.e. the TFCC); the normal osseous relationship of the radius and ulna; and
dynamic muscle activity. The adequacy of each component is thought to be necessary to
restore stable DRUJ function. Studies have shown that disorders of the DRUJ including
ligamenteous insufficiency, muscle abnormalities, changes in bony anatomy and
rheumatoid arthritis can markedly alter normal kinematics (Kihara et al. 1995; Weiler et
al. 1995; Kihara et al. 1996). In particular, osseous deformities of the distal radius due to
malunited fractures are an important cause of altered kinematics of the DRUJ and
malalignment represents one of the most frequent complications. Dysfunction of the
DRUJ is the most common cause of residual pain, weakness, loss of rotation and stiffness
with malalignment of the distal radius (Cooney et al. 1980; Stoffelen et al. 1998; Lindau
et al. 1999).

However, the magnitude of displacement where surgical treatment is

indicated is poorly understood (Adams 1993b; Kihara et al. 1996; Bronstein et al. 1997;
Hirahara et al. 2003). In spite of the significant burden of disease, the understanding of
the factors that result in pain, stiffness, weakness, loss of rotation, instability and arthritis
following distal radial malalignment is deficient.

1.3.1

Measurement of Joint Kinematics
The primary function of the musculoskeletal system is to provide mobility and

carry load. Mechanical factors play an important role in the proper functioning of this
system. In order to quantify these mechanical factors, motions (kinematics) and loads
(kinetics) must be determined.

Kinematics is the branch of science that deals with
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motion of objects without reference to the forces that cause the motion. Kinetics, on the
other hand, is the study of the forces that cause the motion.

Understanding the

kinematics and kinetics of human movement has value in science and clinical
applications.

Measurement and understanding of motion can be used to evaluate

behaviour of the body in both normal and abnormal environments.
Studies in vitro are a simulation of the best representation of the human
environment in a cadaveric model. In addition to studies of normal kinematics, changes
in the distal radioulnar joint as a result of derangements that occur with injuries or
arthritic disease can be assessed in laboratory studies. In vitro testing improves the
understanding of joint function and allows management options to be evaluated and
optimized prior to their application in patients.

1.4

L oad T r a n sfer
J o in t

at the

D ist a l R a d io u l n a r

The information known about the forces at the wrist joint is limited but increasing
over the past decade. Most of the attention to date has been examining the mechanism
and degree of load transfer from the radius to the ulna “load sharing” along the forearm
from the distal radioulnar to the proximal radioulnar joint and how the load is transferred
from the distal radius to the proximal ulna through the interosseous membrane (IOM) (af
Ekenstam et al. 1984; Palmer et al. 1984; Markolf et al. 1998; Pfaeffle et al. 1999;
Markolf et al. 2000; Pfaeffle et al. 2000).
Palmer and Werner implanted axial load cells into the mid-aspect of the radius
and ulna and found the load sharing ratio between the radius and the ulna was 82/18 of
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the static load to the hand, and loss of radial length is shown to increase the force
transferred to the ulna from 18 to 42% with a 2.5mm shortening of the radius.
Markolf et al. attached miniature load cells in the distal ulna to examine the
effects of pronation and supination on load sharing and the effect of shortening the distal
radius for a single static position (Markolf et al. 1998). They found that the transfer of
load from the wrist through the radius and ulna depends on the position of the forearm
and anatomy of the wrist as the load at the distal ulna significantly changed when the
radius was shortened as little as two millimeters.
Ishii et al. performed a static test with pressure sensitive film inserted into the
DRUJ to examine the pressure distribution for various positions of forearm rotation (Ishii
et al. 1998). This study supported the findings of others that in pronation, the contact
pressure is concentrated at the dorsal portion of the sigmoid notch and that in supination,
the pressure is primarily located at the volar portion.

They did not quantify this

relationship. Similarly, Pogue et al. performed a 12-position static test using pressure
sensitive film to measure contact areas and pressures in the wrist. By angulating the
distal radius more than 20 degrees either palmar or dorsal, they found a dorsal shift in the
scaphoid and lunate areas. When the radius was shortened by 2mm, an increase in the
contact area at the lunate was noted (Pogue et al. 1990).
Another static study Shaaban et al. utilized strain gauges to quantify the normal
force transmission across the DRUJ as well as in conjunction with ligament disruption
and excision of the ulna (Shaaban et al. 2004). Although relatively small loads were
employed relative to physiologic loads, they found that in the supinated position, the
maximum load occurred in the ulna and the radius was at its maximum load in the
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pronated position. Physiologically this may be due to the ulnar head coming into direct
alignment with the carpus in supination.
Only one study has investigated the magnitude of the distal radioulnar joint
reaction force dynamically in vitro (Gordon et al. 2005). This study examined the load
transfer across the DRUJ with an instrumented ulnar head arthroplasty and found that the
primary influence of joint load can be attributed to the position of contact. That is, the
loading experienced by the ulnar head during forearm rotation is linked to the amount and
position of contact with the sigmoid notch, a function of the forearm position in rotation.
This study has begun to unveil an understanding of the load transfer at this joint;
however, it has been conducted without distal radial deformities. Given the association
of DRUJ dysfuction and arthritis with healed angulated distal radial malalignment,
further studies should be done that alter the contact patterns of the radius on the ulna to
examine the effects of the load changes that result.
Significant loads are transmitted to the forearm through the distal ulna via the
TFCC.

Minor modifications to the osseous interactions and soft tissues can lead to

drastic load change patterns (Palmer et al. 1984). However, the current knowledge of the
loads borne by the distal radioulnar ulnar joint during daily activities is limited and even
less is known about how these load transfer patterns are affected by alterations in
kinematics resulting from soft tissue injuries and deformities. A number of disabling
clinical conditions of the wrist are treated by changing the relative position of the distal
radius or ulna or by excising either bone, based on limited relevant biomechanical data
(Markolf et al. 1998). Although the previously identified studies have examined various
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patterns of load transfer, none of the previous work has quantified these effects across the
DRUJ with varying distal radial deformities in a dynamic setting.

1.5

S t u d y R a t io n a l e
Distal radius malalignment remains an injury that warrants substantial interest and

debate due to the frequency of these injuries and frequent residual complaints of
weakness, pain, and loss of motion.

Unlike the shoulder and wrist, stiffness of the

forearm, resulting in altered kinematics, load transfer and joint congruency, are poorly
tolerated due to the lack of compensatory motions in adjacent joints. As a consequence
of this important role, disorders of the forearm that result in pain, stiffness or instability
are the primary reason for patient disability. The majority of these DRUJ disorders occur
as a result of traumatic injuries causing malalignment and/or ligament disruptions, or as a
consequence of inflammatory arthritis.

In spite of the high prevalence of these

deformities, representing approximately one sixth of all fractures seen in an emergency
room, the most favourable treatment option is unknown and the outcomes often
suboptimal.
Little is known about the load transfer, kinematics and congruency of the distal
radioulnar joint in a dynamic environment with a simulated distal radial deformity. In
light of the foregoing, a series of in vitro studies were undertaken to improve the
understanding of the effects of dorsally angulated, translated and shorted distal radius
malalignment on forearm kinematics, DRUJ stability, and load. The quantification of
load transfer and kinematics of the distal radioulnar joint before and after simulated distal
radial malalignment will be examined. After testing with intact DRUJ ligaments, the
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individual studies will simulate a clinically relevant ligamentous injury of the DRUJ by
sectioning the TFCC attachments. The goal of this work is to establish an improved
comprehension of the consequences of distal radial malalignment on forearm function to
better direct clinical evaluation and treatment. These findings will result in a better
understanding of the biomechanics of the DRUJ and will have a significant impact on the
treatment recommendations for these injuries. The results from these experiments will
provide important information regarding the criteria for accepting deformities in the
distal radius following these common deformities. Furthermore, the impact of associated
ligament injuries on DRUJ function following a distal radial malalignment will be better
understood.

1.6

S p e c if ic O b je c t iv e s

and

H y p o t h e s is

The objectives of this thesis are to evaluate distal radioulnar joint function in the
setting of Colles’ deformities of the distal radius, the most common cause of DRUJ pain,
stiffness and instability, specifically:
1.

To develop an adjustable mechanism to replicate and permit the study of
clinically relevant distal radial deformities in a cadaveric model.

2.

To investigate the effect of distal radial deformity on the forearm range of
motion with and without ligamentous injuries.

3.

To determine the joint congruency of the DRUJ after a distal radial
deformity with intact ligaments and simulated TFCC rupture.
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4.

To design and implement a load cell that can be implanted in the distal
ulna. This device will be used to quantify distal ulna loading with and
without simulated distal radial malalignment and soft tissue injury.

5.

To assess the relationship between joint congruency and load transfer as a
result of Colles’ deformities.

The corresponding hypotheses of this study are:
1.

A modular, distal radial implant can be developed allowing for multiple
scenarios of distal radial malalignment to be simulated in vitro.

2.

Combined deformities of the distal radius would decrease forearm rotation
more than isolated deformities and injury of the TFCC would release the
tethering effect to the ulna and allow for increased motion.

3.

The native joint congruity of the radius and ulna will be significantly
altered by malalignment of the distal radius and that subsequent
ligamentous injuries will also alter this relationship.

4.

Distal radial malpositioning will increase implant loading, and that the
loading at the distal ulna would be the lowest with the radius in its native
orientation.

5.

There will be a direct relationship between incongruency at the DRUJ as a
result of Colles’ malalignment and increased ulnar load.
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1.7

T h e sis O v e r v ie w
The following chapters introduce the work accomplished to achieve the

previously identified objectives.

Chapter 2 describes in detail the design and

development of the adjustable implant to simulate distal radius malalignment in vitro.
This implant is employed in Chapter 3 and the effects of distal radial deformities,
specifically dorsal angulation, translation and radial shortening on forearm rotation are
examined.

Chapter 4 is a comprehensive look at how dorsal angulation and dorsal

translation alter the joint kinematics. The load cell is introduced in Chapter 5 and results
of the load transfer are presented in this chapter. Chapter 6 takes a comprehensive review
of how Colles’ deformities affect the kinetics and kinematics of the DRUJ. Chapter 7
provides the conclusions and possible future directions related to this current study.
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Chapter 2 - Design, Development and Validation of a Distal
Radial Implant to Simulate Malalignment In V itro ________
O verv iew
This chapter focuses on the design and development o f a modular implant
capable o f simulating clinically relevant distal radial deformities in the
laboratory setting. An oven’iew o f the application o f a testing simulator
and tracking system for forearm motion are also discussed.

2.1

D ist a l R a d ia l I m p l a n t D e v e l o p m e n t
Clinical studies have been unsuccessful in defining those characteristics of

deformities of the distal radius that provide for a satisfactory functional outcome with
non-operative treatment and those which require surgical intervention. Ulnar sided wrist
pain, stiffness, weakness, instability and restricted forearm pronation supination are
common sequelae of healed displaced distal radial fractures (Fernandez 1988; Watson et
al. 1988; Bushnell et al. 2007; Slagel et al. 2010).

Combinations of shortening,

angulation and rotation are present in most malunited fractures of the distal radius
(Watson et al. 1988; Pogue et al. 1990; Jupiter et al. 1992).

Although it has been

documented in previous laboratory studies that DRUJ mechanics are disrupted by
independent alterations in dorsal angulation, radial shift or shortening (Adams 1993b;
Bronstein et al. 1997; Hirahara et al. 2003), these studies have not evaluated the more
clinically relevant situation where combinations of each of these deformities are present.
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The assessment of DRUJ kinematics and stability in vitro is, therefore, essential to gain
an improved understanding of joint function and derangements that occur with the
malalignment conditions.
Previous studies have used simple mechanical devices or external fixators to
simulate deformities that commonly occur in distal radial fractures (Adams 1993b;
Kihara et al. 1996; Bronstein et al. 1997; Hirahara et al. 2003). Due to the invasive and
somewhat cumbersome nature of these devices, correlation to native kinetics and
kinematics and the ability to accurately and repeatedly measure subtle changes caused by
these deformities are of concern. As such, an adjustable implant is required that allows
for in vitro insertion with minimal soft tissue disruption and rigid fixation to the radius.
In order to properly study the effect of distal radius fragment position in vitro, a
series of clinically relevant positions need to be evaluated in the same specimens to take
advantage of repeated measures experimental design. Hence, a modular implant was
designed for interposition into the distal radius to replicate Colles’ types of extra-articular
distal radial fractures, the most common occurring clinically. This was developed to
study the effects of various malalignment orientations on DRUJ function, the principal
(independent) variable examined in this thesis, in a cadaveric in vitro model. A rigid
adjustable mechanism was designed to allow common deformities to be accurately and
reproducibly created, facilitating a controlled setting to examine the effects of these
changes on DRUJ mechanics (Figure 2.1).
The goal was to simulate radial shortening, dorsal angulation and translation both
as isolated deformities and in combination with one another. This system is composed of
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proximal and distal fixation plates, and an adjustable insert, which is described in further
detail in the sections to follow.
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Distal Radial
Implant

Proximal
Medial

Distal
Lateral

Figure 2.1 - Distal Radial Implant
The distal radial implant, designed to be used for biomechanical in vitro
testing. Shown is a 3D computer model representation o f the distal radius
implant, in native orientation, affixed to the volar surface o f the distal
radius.
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2.1.1

Distal Radial Implant Design and Function
The modular distal radial implant (Figure 2.2) was developed after an analysis of

anatomical features of the distal radius combined with an understanding of malalignment
patterns reported in available literature. A stainless steel design, to minimize interference
with the electromagnetic tracking system as described in Section 2.1 was employed. The
morphology of the distal radius was examined to assist in the implant design to ensure
that the device could be employed in various sizes of specimens. A commonly used
distal radial fixation plate (Volar Distal Radius Plate, Synthes North America, West
Chester, PA) was also referenced for the design. In particular, the distal volar tilt (22°),
length and width were used as a template for the design constraints.
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A
Distal
Fixation
Plate

Proximal Fixation Plate

Removable Adjustable
Appliance (s)

B
Distal
Fixation
Plate

Proximal Fixation Plate

3*0
Removable Adjustable
Appliance (s)

Figure 2.2 - The Modular Distal Radial Implant
The distal radial implant is displayed as the physical component (A), and
the three dimensional model (B). It comprised o f three parts - the distal
fixation plate, the proximal fixation plate and the removable adjustable
appliances. The modularity is achieved through the 2.5 mm increments in
dorsal translations or replacement o f the native alignment wedge to an
angulation (not shown).
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The distal radial implant is comprised of the distal fixation plate, removable
adjustable appliances and the proximal fixation plate. The adjustable capability of the
component can be achieved by manipulation of one or more of the appliances (wedges
and spacer) to recreate malpositions that occur clinically. The implant can provide threedegrees of freedom (DOF); however, for the testing herein this was reduced to more
clinically relevant parameters of dorsal translations, dorsal angulations, and radial
shortening detailed in Figure 2.3. Simulated distal radial (Colies’ type) deformities were
obtained by increasing dorsal angulation from native to 10, 20 or 30 degrees. Effects of
radial shortening up to 7.5 mm with native alignment and 5 mm with all other angulations
were performed in 2.5 mm increments.

Dorsal translation of the distal radius bone

fragment occurring up to 10 mm (also in increments of 2.5 mm) were simulated with any
of the above combinations.
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Volar or
Dorsal Translation
Radial Shortening

Volar or
Dorsal Angulation

Figure 2.3 - Distal Radial Implant Adjustments
The distal radial component was designed to be adjustable in threedegrees o f freedom.
These included dorsal translations, dorsal
angulations and radial shortening.

47

The distal Jixation plate was designed with a 22 degree volar angulation, as
determined from the literature (Gartland et al. 1951; Dowling et al. 1961; Scheck 1962;
Friberg et al. 1976; Taleisnik et al. 1984). This shape was selected in order to follow the
profile of the distal volar surface, allowing for flush alignment on the distal fragment
(Figure 2.4). The volar surface is 10 mm, long enough to allow three 3.5 mm cancellous
screws to be inserted and affixed to the underlying bone. To improve this fixation, the
distal fragment was reamed and poly methylmethracrylate (bone cement) was inserted
into the distal fragment to improve screw purchase in the metaphyseal bone. The distal
fixation plate incorporates two side tabs each with a 2 mm hole, positioned opposite to
one another.

By means of a screw through these holes, the removable adjustable

appliances can be altered and secured into position. Additionally, two small dimples,
located on the volar, medial and lateral sides of the implant, were used in the digitization
process (described in Section 2.2.2) to locate the position of the implant.
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3 volar screw holes
Digitization landmarks

Through
holes

Figure 2.4 - The Distal Fixation Plate
Three through holes on the volar surface allow for screw fixation, two
through holes on the medial and lateral surfaces facilitate attachment to
the adjustable appliances and two dimples on the volar, medial and lateral
surfaces are usedfor digitization.
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The intermediate components between the distal and proximal components are the
removable adjustable appliances. Several components were developed to allow for the
range of adjustability, as previously described. Each appliance has 2 mm threaded holes
on the medial and lateral sides to allow for secure attachment to the proximal and distal
fixation plates. A unique appliance is necessary for each of the dorsal angulations (a.k.a.
“angulators”), allowing for a specific angulation other than the native.

However, to

minimize components, radial shortening is achieved by removal of one or more of the
non-angled appliances. These “spacers” are illustrated in Figure 2.5, which shows the
required spacers and fixation to achieve native alignment. Removal of one of these
spacers results in radial shortening. Also shown are a series of holes located on the
exterior surface of the adjustable appliance(s), designed to pennit dorsal translations of
the distal radial fragment. To achieve translation, the location where the appliance is
secured to the distal fixation plate is modified by sliding the component in a dorsal
direction and securing into the threaded holes. Shown in Figure 2.6, is a demonstration
simulating a 5mm dorsal translation.
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Figure 2.5 - Removable Adjustable Appliance - Native Alignment
The adjustable appliances are configured in the native angulation. Each
o f the appliances has a central hole to enable securing via a screw and a
groove pattern to assist attachment with the other appliances as well as
the proximal and distal fixation plates. This groove pattern allowed for
only dorsal - volar translation o f the appliance.
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Figure 2.6 - Simulating a Distal Radial Malalignment Using the Distal Radial
Implant
The computer model o f the distal radius is shown with the distal radial
implant affixed in native orientation (A). By unscrewing the adjustable
appliance (B), and translating the distal fragment dorsally (C), a
malformation can be accurately simulated in vitro (D).
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The proximal fixation plate was designed in a similar fashion as the distal
fixation plate (Figure 2.7). The volar surface is 33 mm in length, 10 mm in width with
three 4 mm through holes that allow three 3.5 mm cortical screws to be inserted and
affixed to the underlying bone. Similar to the distal fragment, to enable secure fixation
for the screws on proximal fixation plate, the bone canal is reamed and cemented. This
implant disrupts the native origin for the pronator quadratus muscle; therefore, in order to
recreate this origin, a 1mm hole on the proximal implant was added. The proximal
fixation plate has two side tabs analogous to the distal component. For registration of this
component, two small dimples are located on the volar, medial and lateral sides of the
implant.

Pronator Quadratus
Attachment
Through
holes

Figure 2.7 - The Proximal Fixation Plate
Similar to the distal fixation plate, three through holes on the volar
surface allow for screw fixation and one through hole is for the recreation
o f the pronator quadratus insertion site.. Two through holes on the
medial and lateral surfaces facilitate attachment to the adjustable
appliances and two dimples on the volar, medial and lateral surface are
for digitization.
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2.1.2

OverView of Implant Components
The distal fixation plate, adjustable appliances and proximal fixation plate form

the modular mechanism that allows various distal radial deformities to be modeled and
tested. The adjustment capability of the distal radial component is in three-degrees of
freedom: dorsal translation, radial shortening and dorsal angulation.

In order to

accomplish these desired positions, a total of ten adjustable appliances (3 spacers, 5
angulators), along with the proximal and distal components, were designed and
manufactured. Appendix B includes the drawings and specifications.

2.2

B io m e c h a n ic a l T e s t in g
A simulator, previously developed in the laboratory, uses computer-controlled

servo motors and pneumatic actuators that produce tendon loading and motion control of
the cadaveric upper extremity (Figure 2.8). Proportional pressure controllers (PPC, MAC
Valves, Wixon, MI, USA) driven by custom-written software (LabVIEW, National
Instruments, Texas, USA) enable the synchronous loading of each actuator, and thus
allow each tendon unit to be individually controlled. A combination of motion-controlled
{i.e. a constant velocity feedback algorithm) and load-controlled (i.e. a constant applied
force) muscle simulations are applied to the “prime mover” tendon and supplementary
forearm muscles, respectively.

The “prime mover” classifies the muscle group that

provides the greatest proportion of force during a given movement. An in-line load cell
quantifies the load on the prime mover, and this apportions the appropriate loading ratios
to the other actuators for the supplemental muscles in accordance with a muscle-loading
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ratio based on EMG and cross-sectional area (Gordon et al. 2004). The pronator teres
applied 56% of the pronation load, with 44% of the load applied to the pronator
quadratus. For supination, 67% of the applied load is applied to the biceps and 33% to
the supinators. The wrist flexors, wrist extensors and triceps were activated such that
each specimen was able to produce acceptable forearm rotation motion while maintaining
the elbow in 90 degrees of flexion and the wrist in neutral flexion/extension position.
Active forearm pronation and supination were tested separately.
For all the studies detailed within this treatise, fresh-frozen cadaveric upper
extremities were amputated at the mid-humeral level and mounted in the bone clamps of
the testing system. Sutures were placed in the tendons of the biceps and triceps and these
sutures were attached directly to stainless steel cables and routed through their respective
alignment pulley, terminating at the servo motor (biceps) or pneumatic actuator (triceps).
The medial and lateral epicondyles of the elbow were drilled out and replaced with a
custom Delrin® sleeve, thus permitting the recreation of the muscle line of action as the
sutures feed through this and exit the humeral canal. The Flexor Radialis and Flexor
Carpi Ulnaris were exposed and sutured to stainless steel cables and routed through
medial epicondyle sleeve. Similarly, the extensor carpi ulnaris and the extensor carpi
radialis longus were sutured and routed through the lateral epicondyle sleeve. The
pronator teres tendon was sutured to a stainless steel cable at its insertion site on the
radius, routed through the medial epicondyle sleeve with the flexor tendon cables, and
then to its respective alignment pulley and servo motor. Suture anchors were placed in
bone at the attachment sites of the supinator due to the inferior strength of these tendons.
For in vitro testing, the pronator quadratus muscle was simulated using Mersilene #5
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suture (Johnson & Johnson, Peterborough, Ont., Can.), which was secured to the hole on
the proximal fixation plate. A hole was drilled in the ulna at the corresponding muscle
origin for the pronator quadratus and supinator, customized Delrin® plastic sleeves were
inserted, and the suture line was passed through the drill holes to the medullary canal of
the ulna and exited the ulnar medullary canal through a sleeve in the posterior olecranon.
A tendon alignment system was used to maintain tendon alignment throughout testing.
Throughout testing, tissues were kept moist with normal saline irrigation.
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Figure 2.8 - The Upper Extremity Forearm Motion Simulator
Shown is the upper extremity joint simulator with the specimen mounted in
a clamp on the base and the forearm flexed at 90 degrees and supported.
Also shown is the attachment o f cables from their respective muscles to
pneumatic actuators as well as the electromagnetic tracking system.
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2.2.1

Implantation Procedure
As a part of the cadaver forearm preparation for testing, an osteotomy (surgical

removal of bone) was created to position the implant to the distal radius. To ensure that
the position of the implant was consistent across specimens, a cutting guide (Figure 2.9)
was developed. The guide replicates the contour of the volar aspect of the distal radius.
The hole locations for the screw fixation on the guide are duplicated on the distal and
proximal fixation plate so that the same pre-drilled holes can be employed for the
definitive implant. Once the guide was secured into position with screws, the underlying
bone was marked to indicate the location of the osteotomy. Using an oscillating saw, a
20 mm segment of the volar radius was removed just proximal of the distal radial ulnar
joint.
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Figure 2.9 - Marking the Distal Radius with the Cutting Guide
Shown is an animation o f distal radius o f a specimen. In order to create
the proper positioning o f the osteotomy, a cutting guide was employed.
This was secured into position and the underlying bone was marked. A 20
mm osteotomy was created, just proximal to the distal radial ulnar joint.
Inset: the cutting guide.
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The adjustable implant was positioned into the osteotomy and secured to the
proximal and distal radius using the pre-drilled holes and bone screws augmented with
poly methylmethracrylate, to ensure rigidity of the system.

The osteotomy did not

remove the entire section of distal radius; a dorsal bone bridge remains to ensure the
normal alignment of the radius was maintained (Figure 2.10).
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Bone Bridge

Figure 2.10 - Native Implant with Bone Bridge
The modular implant, in native orientation, was positioned using the same
holes as the cutting guide and secured with bone screws. Once affixed,
the bone bridge was removed.
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2.2.2

Study Design
Following the surgical preparation of the specimen with the implant secured, the

specimen was mounted to the forearm simulator for testing. A series of tests quantified
the effect of simulated distal radial deformities on the kinematics, stability and loading of
the DRUJ. Due to the variable size and shape of the available cadaver specimens, the
statistical power of our studies was markedly improved by using a repeated measures
experimental design. For all testing, the protocol involved measuring the kinematics of
the intact extremity thus allowing each arm to serve as its own control using a repeated
measures experimental design.
An electromagnetic tracking system (Flock of Birds, Ascension Technology,
Burlington VT) was used to measure the forearm motion. A transmitter was mounted on
the base of the forearm simulator and receivers fixed to the radius and ulna were used to
measure their motion relative to each other. The kinematic data output of each receiver
gives the position and orientation of the local coordinate axes of the receiver relative to
the transmitter, at up to 100 Hz.

Custom written software in LabVIEW has been

developed to collect this data. By using digitized points, implant and bone coordinate
reference systems can be developed following testing. This facilitates the kinematic data
to be transformed into relevant anatomic coordinate systems to quantify the relative
position of the radius with respect to the ulna.
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2.3

V a l id a t io n T r ia l s

2.3.1

Methods
Repeatability and reproducibility of the implant to create distal radial deformities

was tested in one specimen (female, right, 76 years). The specimen was thawed and
tendons of interest for forearm pronation and supination were isolated in preparation for
mounting to the forearm testing apparatus. An osteotomy was performed just proximal to
the distal radioulnar joint, as previously described. The 3-degree of freedom modular
implant to simulate distal radius deformities was secured at the site of the osteotomy.
The humerus was rigidly fixed vertically to the forearm testing apparatus and the forearm
was supported horizontally with the elbow flexed 90 degrees. The tendons were sutured
to cables as described in Section 2.2 whereby active forearm rotation was computer
controlled. Each motion trial was performed with the forearm starting in supination and
then again in pronation. Motion trials were examined separately. This testing protocol
was identical to the in vitro testing of this device as described in the forthcoming
chapters.

2.4

R esults
This system was able to simulate distal radius malalignment in the experimental

specimens in a repeatable and reproducible manner. Repeatability was confirmed by
conditioning the specimen ten times (actively conducting forearm rotation) and then five
simulated forearm trials were conducted to compare the motion pathways of the radius
relative to the ulna. Repeatability trials resulted in 4.1 and 3.1% variation in varus-valgus
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angulation and the flexion-extension across pronation, respectively amongst the 5 trials.
Similarly, for supination, 3.8 and 5.2% variation was noted when examining the same
kinematic parameters.

Varus-valgus angulation across pronation is shown in Figure

2.11 A, and flexion-extension across pronation in Figure 2.1 IB.
Reproducibility was examined by five trials of the specimen with the appliance
simulating a native position, followed by an aggressive deformity, returning to the native
alignment for 5 trials. The reproducibility of the implant to simulate kinematics was
examined by comparing the initial native kinematics to the kinematics of the native case
following an alternative malaligned case. Reproducibility of the implant resulted in 4.9
and 5.7% variation when examining the varus-valgus angulation and the flexion
extension deviation across supination, respectively amongst the 10 trials (Figure 2.12A
and B, respectively). Similarly, for pronation 4.7 and 5.8% variation was recorded for
the same kinematic parameters.
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PHONATION

SUPINATION

Figure 2.11 - Repeatability of Pronation Kinematic Measurements
The repeatability o f the kinematic measurements o f five trials o f active
pronation demonstrating the varus-valgus angulation verses forearm
rotation (A) andflexion-extension verses forearm rotation (B).
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Figure 2.12 - Reproducibility of Pronation Kinematic Measurements
The reproducibility o f the kinematic measurements o f five trials o f active
supination demonstrating varus-valgus angulation verses forearm rotation
(A) andflexion - extension verses forearm rotation (B).
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2.5

S um m ary
An inline modular distal radial fixation device was designed to simulate clinically

relevant distal radial deformites in vitro.

This device permits simplistic surgical

insertion, rigid fixation to bone, and wound closure that can be achieved with little
difficulty.

Additional tools were designed so that the implant could be accurately

positioned in each specimen. This device facilitates the investigation of distal fragment
orientation and its impact on kinematics and load transfer at the DRUJ while minimizing
disruption at the joint. The device allows for multiple reproducible discrete positioning
and also permits study of the combined effects of angulation, translation and radial
shortening.
The repeatability and reproducibility of kinematics were quite acceptable, with
the highest standard deviation reported at less than 6%. This not only demonstrates the
repeatability of the device to simulate a deformity, but also that the muscle loading
protocol and study design utilized generates repeatable kinematics, even with the
simulated malalignment.
The effects of distal radial deformity on distal radioulnar joint mechanics can be
examined with high accuracy by employing the use of the adjustable device developed
herein.

Isolating discrete and combined deformities and their effects will yield an

improved understanding of these disorders and assist clinicians in making treatment
decision with their patients. The upcoming chapters describe how the implant was used
to investigate the effects of distal radial deformities on forearm rotation, joint kinematics
and load transfer in a series of in vitro studies.
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Chapter 3 - Multiplanar Distal Radius Malalignment and its
Effect on Forearm Range of Motion
O verv iew
A biomechanical study was conducted to quantify the effects o f dorsally
angu/ated, dorsally translated and shortened distal radial malalignment
with and without ligament damage on forearm rotation .

3.1

I n t r o d u c t io n
Fractures of the distal radius are the most common fractures of both adults and

children (Bacom et al. 1953; Owen et al. 1982; Mallmin et al. 1992; Graff et al. 1994;
Levine 1996; Lindau et al. 1999; Court-Brown et al. 2006). Malunions of the distal
radius frequently occur (Bacom et al. 1953; Cooney et al. 1980) and often cause residual
pain, stiffness and loss of function (Altissimi et al. 1986). An increased incidence of
arthritis at the distal radial ulnar joint (DRUJ) has been reported with healed angulated
distal radial fractures (Fernandez 1993c).
A number of clinical (de Bruijn 1987; McQueen et al. 1988; Collins 1993;
Prommersberger et al. 2004b; Ishikawa et al. 2005) and biomechanical (Adams 1993b;
Kihara et al. 1996; Bronstein et al. 1997; Hirahara et al. 2003) studies have examined
various aspects of distal radial deformities and their influence on forearm motion.
However, the parameters of an acceptable reduction remain poorly defined.

1 A version o f this work has been published: Fraser GS. Ferreira 1,M. Johnson JA, King GJW. The Effect
o f Multiplanar Distal Radius Malunions on Forearm Rotation: An In Vitro Biomechanical Studv. Journal
o f Hand Surgery 2009: 34A:838-848.
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Biomechanical studies have typically modelled isolated deformities of the distal radius;
however, clinically it is combined deformities that most commonly occur. There are no
reported studies that have comprehensively evaluated the effect of both isolated and
combined distal radial deformities on distal radioulnar joint function. Furthermore, the
influence of triangular fibrocartilage complex (TFCC) rupture, which commonly occurs
in association with distal radial fractures, has not been addressed in previous
investigations.
The objective of this study was to develop an improved understanding of how
varying degrees of isolated and combined distal radius deformities, with and without
TFCC injury, affect forearm rotation using an in vitro cadaver-based model.

Our

hypotheses were (1) combined deformities of the distal radius would decrease forearm
rotation more than isolated deformities; and (2) injury of the TFCC would allow for
increased motion.

3.2

3.2.1

M ethods

and

M a t e r ia l s

Specimen Preparation
Eight fresh frozen upper extremities (77 ± 5 years, 5 female, 2 right) with a radial

inclination of 23.3 ± 2.8°, radial tilt 11.5 ± 1.1° and ulnar variance 0.4 ± 0.5 mm were
thawed, and studied in a previously described forearm testing apparatus (Johnson et al.
2000; Dunning et al. 2003). The tendons of the biceps, supinator, pronator quadratus,
pronator teres, triceps, flexor carpi ulnaris (FCU), flexor carpi radialis (FCR), extensor
carpi ulnaris (ECU) and extensor carpi radialis longus (ECRL) were sutured to remotely
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located actuators via stainless steel cables. To mimic the muscle lines of action, the
sutures for the pronator teres and wrist flexors were routed through the humeral canal via
Delrin® sleeves inserted into the medial supracondylar ridge. The sutures for the wrist
extensors were routed through a sleeve in the lateral supracondylar ridge. Suture anchors
were used at the radial origin of the pronator quadratus and supinator muscles, and their
sutures were routed through Delrin® sleeves at the ulnar insertion sites. Both sutures
were directed through the medullary canal of the ulna exiting at the posterior olecranon
(Prommersberger et al. 2004b). The humerus was mounted in the motion simulator in a
clamp with a freestanding bar to support the forearm in 90° of flexion throughout testing.
Active pronation and supination were simulated by attaching the cables of the prime
movers to pneumatic actuators. The remaining cables were routed through an alignment
system mounted to the testing apparatus and attached to dedicated pneumatic actuators as
previously described (Johnson et al. 2000). The load in each actuator was governed by a
proportional pressure controller under computer control.

Pronation was achieved by

motion control of the pronator teres at a constant tendon velocity of 5mm/sec, while
applying 44% of this load simultaneously to the pronator quadratus.

Similarly,

supination was accomplished by motion control of the biceps, while at the same time,
33% of the load was apportioned to the supinator. This load distribution was based on
published muscle activity as quantified by electromyography and the relative cross
sectional areas (Funk et al. 1987; Gordon et al. 2003b; Gordon et al. 2004). The triceps
tendon was loaded with a constant force averaging 67.5±4.6 N to prevent elbow flexion
off the support bar during forearm rotation. Tone loads were applied to the wrist flexors
(FCU = 9.1±4.5 N, FCR = 13.5±10.9 N) and extensors (ECU = 16.3+9.2 N, ECRL =
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26.2±7.9 N) to maintain neutral wrist flexion (Dunning et al. 1999). Receivers from the
Flock of Birds (Ascension Technologies Inc., VT, USA) electromagnetic tracking system
were secured to the radius and ulna to quantify the 3-dimensional position and orientation
of the radius relative to the ulna with the transmitter mounted to the base of the simulator.
The specimens were kept moist using 0.9% normal saline irrigation of the soft tissues and
by repeated closure of the skin during testing.

3.2.2

Testing Procedure
A three-degree of freedom adjustable implant described in Chapter 2 was

employed to simulate distal radius deformities in vitro (Figure 3.1).

The implant

consisted of distal and proximal components that are rigidly affixed to the proximal and
distal bone segments and a removable central appliance that generates the desired distal
radius positioning.

The distal radial implant allowed for accurate adjustment of

individual and combined deformities of dorsal angulation, dorsal translation, and radial
shortening.
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Figure 3.1 - The 3-Degree of Freedom Adjustable Implant Employed to Simulate
Distal Radius Deformities In

V itro

The implant consisted o f distal and proximal components that are rigidly
fixed to the underlying bone and a removable appliance that generates the
desired distal radius positioning (A). By modifying the locking position
and exchanging preformed angulation appliances the distal radial implant
allowedfor accurate adjustment o f individual and combined deformities o f
dorsal angulation, dorsal translation, and radial shortening. Shown is a
30° dorsal angulation with 10mm dorsal translation (B).
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The native position of the distal radius was maintained during attachment of the
adjustable implant. To ensure that the location of the osteotomy was consistent across
specimens, a cutting guide contoured to the volar aspect of the distal radius was secured
into position and the underlying bone was marked to indicate the location of the
osteotomy. Using an oscillating saw, a 20 mm segment of the volar radius was removed
2 mm proximal of the distal radial ulnar joint. The adjustable implant was positioned and
secured to the proximal and distal radius using bone screws augmented with poly
methylmethracrylate while leaving an intact dorsal bone bridge.

Active and passive

pronation and supination motions were simulated and kinematic data were recorded in
this intact configuration.

The dorsal bone bridge was then divided and the motion

simulations were repeated to act as a control.
The TFCC was left intact in the first phase of the study while the effects of
simulated distal radius deformities were evaluated. The conditions of 0, 10, 20 and 30°
of dorsal angulation from the original palmar tilt; 0.0, 2.5, 5.0 and 7.5 mm of radial
shortening; and 0.0, 5.0 and 10.0 mm of dorsal translation were evaluated independently
as well as in combinations of dorsal angulation with translation or shortening. Unlike
radiographic parameters that are often employed clinically, in this study, radial
shortening was defined as a loss of length of the radius. Angulation was defined as per
the orthopaedic convention of where the apex of the deformity is or from the position of
normal volar tilt of the articular surface.

Only dorsal translation deformities were

evaluated in this study. Positive dorsal translation was defined as translating the distal
radial fragment in a dorsal direction relative to its native alignment. Neutral forearm
rotation was defined as halfway between maximum pronation and supination.

This
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testing protocol was then repeated after sectioning of the TFCC, to examine the effect of
a simulated ligament injury of the distal radioulnar joint in conjunction with distal radius
deformities (Figure 3.2).
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r Uniolanar Deformities
• Dorsal Translation (DT)
• Dorsal Angulation (DA)
• Radial Shortening (RS)

.' Multiplanar Deformities'
r ,
.

• DA + DT
• DA + RS

.

Figure 3.2 - Testing Protocol to Study Distal Radius Deformities
Testing protocol to study uniplanar and multiplanar distal radius
deformities with intact ligament conditions o f DA, DT and RS, then
followed by sectioning the TFCC (dotted line) and repeating the testing
conditions.
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Repeatability of the measured kinematics was determined from 10 successive
trials, and evaluating the standard deviation and mean at 5° increments across the trials
with the maximum coefficient of variation (a statistical representation of the dispersion of
an experiment expressed as a percent of the ratio of the standard deviation to the mean)
was reported. Reproducibility was quantified by performing 10 successive trials with the
distal radius in native, then proceeding to a more aggressive 30° of dorsal angulation
deformity, followed by repeating the native alignment. The coefficient of variation of the
kinematics was calculated as an indication of the relative measure of the variation
amongst trials.

3.2.3

Data Analysis
Kinematic data and prime mover loads (via a cable in-line load cell) were

collected using custom written software programmed in LabVIEW 7.1 (National
Instruments, Austin, TX). Upon completion of testing, the joints were dissected and
digitization of anatomical landmarks was performed relative to the transmitter using a
stylus with an attached tracking receiver (Johnson et al. 2000). To quantify the motion of
the radius relative to the ulna, a clinically relevant joint coordinate system was
established (Gofton et al. 2004).

The ulnar coordinate system was determined by

digitizing two bony landmarks, the ulnar styloid and the trochlear notch. A circle fit
algorithm was applied to the trochlear notch and a vector between the ulnar styloid to the
centre of the circle, along the long axis of the ulna defined the pronation-supination axis
with the ulnar styloid as the origin. A similar technique was conducted for the radial
coordinate system by digitizing 4 points, the radial head, the dorsal and volar margins of
the sigmoid notch and the radial styloid. The origin of the radius was the average of the
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distal points. The long axis of radius was determined from the vector created from the
origin at the distal end to the centre of the sphere fit of the radial head. Custom written
software was developed to analyze the relative motion of the radial coordinate system
relative to the ulnar coordinate system.
All simulated deformites were generated relative to the native intact case of each
specimen. For example, a 10° increase in dorsal angulation referred to a 10° change from
the original palmar tilt of the radius with the axis of the angulation at the volar cortex of
the radius.

The dependent (outcome variable) was the range of forearm rotation,

determined from the maximum internal and external rotation of the radius about the long
axis of the ulna.

Neutral forearm rotation was defined for each specimen from the

midpoint of maximum rotation at 90° of elbow flexion. Maximum forearm pronation and
supination were quantified from the supinated and pronated starting positions
respectively using a cut-off force of 60N for the prime mover.

3.2.4

Statistical Analysis
The effect of radial deformity and TFCC state was compared independently for

pronation and supination by using a 2-way repeated measures analyses of variance for the
independent variables of alignment and TFCC status with post hoc Tukey tests (a =0.
05). The influence of simulated distal radial deformity on the magnitude of forearm
pronation and supination was examined separately.
Since all of the distal radial deformities could not be generated in all specimens
due to the tightness of the soft tissues, chi squared analyses were conducted to determine
if there was a correlation between the magnitude of deformity and ability to simulate the
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condition. The null hypothesis was accepted as true when the chi-squared values were
greater than 0.05.
Mean values are presented that are the average from all eight specimens.

3.3

R esults
The kinematics of the forearm were not significantly different before and after

perfonning the osteotomy and securing the implant in native orientation (p >0.05). The
adjustable implant system was able to reliably simulate the distal radial deformities of
interest in the specimens. The coefficients of variations were 0.34% and 0.41% for
kinematics of pronation and supination respectively amongst the 10 repeatability runs.
The reproducibility of active forearm kinematics in our testing simulator was also
excellent with 0.18% and 0.47% coefficient of variation for pronation and supination,
respectively.
The average range of foreann rotation across with the distal radius in the intact
state was 106.5 ± 29.6° (range, 71 - 155°). Sectioning the TFCC increased the range of
forearm rotation with the distal radius in the native position by 19.3 ± 21.9°.

3.3.1

Single Deformities
The effect of dorsal angulation, dorsal translation and radial shortening on

forearm motion was evaluated as isolated deformities. Not all distal radial defonnities
could be simulated in all specimens due to the tightness of the soft tissues.

3.3.1.1

Dorsal Angulation (DA)

Increasing dorsal angulation produced a significant reduction in forearm
pronation when the TFCC was intact (Figure 3.3, Table 3.1 A) (p=0.002). The loss of
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pronation was not significantly different from the native position until the magnitude of
dorsal angulation reached 30°, which resulted in a mean 65% loss of pronation. Once the
TFCC was sectioned, the range of motion was not significantly different than the
preinjured state. The magnitude of dorsal angulation had no significant effect on forearm
supination (p=0.1).
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Figure 3.3 - Effects of Dorsal Angulation of the Distal Radius on Forearm Pronation
and Supination Motions for Intact and Sectioned TFCC
The mean + 1 standard deviation o f forearm rotation is shown.
Increasing dorsal angulation resulted in a progressive loss o f forearm
pronation with the TFCC intact. This loss pronation is significant at 30°
angulation (p=0.002) for ANOVA (*p<0.05, compared to native).
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3.3.1.2

Dorsal Translation (DT)

Increasing dorsal translation of the distal radial fragment decreased forearm
pronation (p=0.03) (Figure 3.4). Pronation was significantly different from the native
position at 10mm (p=0.04) with the TFCC intact. Sectioning of the TFCC restored the
range of motion to that of the native wrist (p>0.05). Only 6 of 8 specimens were able to
simulate a 10mm dorsal translation prior to TFCC sectioning due to the constraints of the
soft tissues (Table 3.1B). There was no statistically significant effect of dorsal translation
on the range of forearm supination (p=0.2).
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Figure 3.4 - Effects of Dorsal Translation of the Distal Radius on Forearm
Pronation and Supination Motions for Intact and Sectioned TFCC
The mean + 1 standard deviation o f forearm rotation is shown. Dorsal
translation o f 10mm resulted in a significant (p=0.03) loss o f forearm
pronation (p=0.01).
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3.3.1.3

Radial Shortening (RS)

The radius could not be shortened greater than 5mm in any of the specimens until
the TFCC was sectioned. This finding was significant using the chi-squared analysis
(p<0.001). Although a statistically significant effect on forearm rotation was not noted
(p=0.08) with radial shortening of 5mm, only half of the specimens could simulate 5mm
of radial shortening prior to sectioning the TFCC (Figure 3.5, Table 3.1C). Following
this simulated ligament injury of the distal radioulnar joint, all but one specimen could
achieve up to 7.5mm shortening of the distal radius.
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Figure 3.5 - Effects of Distal Radial Shortening on Forearm Pronation and
Supination Motions for Intact and Sectioned TFCC
The mean + 1 standard deviation o f forearm rotation is shown. Radial
shortening o f 7.5mm could not be achieved in any o f the specimens until
the TFCC was sectioned. There was a significant effect o f radial
shortening on forearm rotation with 7.5mm.
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8
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5 2 .7 Ü 6 .3

52.4±14.0

8
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8
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6
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8
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55.8±14.8

8
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Radial Shortening
0 mm
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5 mm
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Pronation
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#

Pronation

Supination

#

Pronation
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#

53.3±14.8

53.3±14.8

8

46.7±29.4

50.7±13.8

8

49.5± 28.9

5 3 .5 Ü 1 .0

4

NA*

NA

0

50.2±20.9

51.9±16.0

8

43.7±29.7

5 7 .3 Ü 5 .2

8

5 6 .4 Ü 7 .1

5 7 .4 Ü 5 .6

7

46.8± 21.9

48.3±29.0

7

Table 3.1 - Individual Effects of Radial Deformities (A- Dorsal Angulation, B- Dorsal Translation and C- Radial Shortening)
on the Degree of Forearm Rotation
Caption on following page.
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The mean and ± 1 standard deviation o f the specimens able to achieve the
deformity. The number in the # column indicates the number o f specimens
able to achieve the deformity while NA indicates the deformity was not
achievable in any o f the specimens. Statistical significance is noted with
an asterisk * (p<0.05). Loss o f pronation is noted with 30° o f dorsal
angulation or l Omm o f dorsal translation.

3.3.2

Combined Deformities

3.3.2.1

Dorsal Angulation and Dorsal Translation

An increasing loss of forearm pronation was observed as the magnitude of
combined malalignment increased. Figure 3.6A demonstrates the effects of the combined
variables for forearm pronation with the TFCC intact. Significant loss of rotation was not
noted until 20° of dorsal angulation combined with 10mm of dorsal translation (p=0.03),
or 30° of dorsal translation with either 5mm (p=0.04) or 10mm (p=0.001) translation. As
the magnitude of fragment angulation and translation increased, fewer specimens were
able to achieve these extreme positions decreasing the available data (Table 3.2A).
Sectioning the TFCC (Figure 3.6B) caused an increase in the amount of pronation
achieved, also allowing more specimens to achieve more extreme malalignment.

89
A

B

Figure 3.6 - Mean Pronation for Dorsal Angulation and Dorsal Translation of the
Distal Radius with an Intact (A) and Sectioned (B) TFCC
There was a progressive decrease in forearm pronation with increasing
dorsal angulation and translation, which was more pronounced for
combined deformities. Range o f motion increases with the sectioning of
the TFCC.
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33.2.2

Dorsal Angulation And Radial Shortening

Isolated dorsal angulation of 30° caused a significant reduction in forearm
pronation, yet there was no statistically significant effect on supination (p>0.05). When
dorsal angulation was combined with radial shortening, a significant loss in pronation
occurred at angulations less than 30° (Table 2B, Figure 3.7). Dorsal angulation of 20°
with radial shortening of 2.5mm resulted in a significant loss of pronation (p=0.04).
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A

Figure 3.7 - Mean Pronation for Dorsal Angulation and Shortening of the Distal
Radius with an Intact TFCC
There was a progressive decrease in forearm pronation with increasing
dorsal angulation and radial shortening, which was more pronounced for
combined deformities.
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Table 3.2 - Combined Effects of Radial Deformities (A- Dorsal Angulation and Dorsal Translation, B- Dorsal Angulation and
Radial Shortening) on the Degree of Forearm Rotation
Caption on following page.
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The number in the # column indicates the number o f specimens able to
achieve the deformity while NA indicates the deformity was not achievable
in any o f the specimens. Statistical significance is noted with an asterisk*
(p<0.05). Further to Table 1, where loss o f pronation is obsen>ed with a
30 ° angulation, Table 2 (A) illustrates loss o f pronation is noted above
when dorsal angulation is 20° combined with 10mm o f dorsal translation
or 30° o f angulation with any additional translation. Although not
significant, this trend is noted with 10° angulation and 10mm radial
shortening or 20° angulation and 5mm o f radial shortening. Table 2 (B)
demonstrates with as little as 10° o f dorsal angulation and 5mm o f radial
shortening a tendency to reduce pronation is obsen’ed. This obsenation
is significant with 20° dorsal angulation and 2.5mm o f radial shortening.

3.4

D is c u ssio n
Distal radial deformities were found to influence forearm pronation greater than

supination with intact soft tissues. A significant loss of forearm rotation can be expected
if distal radial deformity reaches 30° dorsal angulation or 10mm of dorsal translation
from the native position. Combined deformities had a greater effect on forearm rotation.
Trends were noted in as little as 10° of dorsal angulation with 10mm of dorsal translation
or 10° dorsal angulation with 5mm of radial shortening to reduce maximum pronation. In
other words, the combined deformities resulted in a loss of 11.8° or 14.2° of pronation,
respectively.

This demonstrates the clinical importance of evaluating both distal

fragment translation and angulation. The TFCC restrained the ability to simulate more
severe deformities, especially radial shortening. Due to constraints of the soft tissues
about the wrist, radial shortening greater than 7.5mm could only be achieved concomitant
with a TFCC rupture and, therefore, a major ligamentous injury of the DRUJ or fractures
of the distal ulna or styloid should be suspected if such deformities are observed
clinically. Schuind et al. noted that there is some laxity in the TFCC; however, this study
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agrees with the findings of Adams and Ekenstam that malpositions of the distal radius
alters the configuration of the TFCC causing increased tissue tension which likely limits
forearm rotation (Schuind et al. 1991). Sectioning the TFCC restored the kinematics to
the pre-injured state, eliminating any significant loss in rotation. This can likely be
attributed to release of the tether on the DRUJ.
Bade et al. (1991) noted similar findings in that dorsal angulation produced a
considerable loss of pronation; however, supination losses were much less affected. Our
in vitro results agree with this clinical experience, reporting a loss of pronation with
preservation of supination in dorsally angulated, translated and shortened distal radial
deformities.
Although there are difficulties and inaccuracies in simulating joint motion and
simulating relevant distal radial deformities in vitro, previous studies (Adams 1993b;
Kihara et al. 1996; Bronstein et al. 1997; Hirahara et al. 2003) have collectively
demonstrated that increasing distal radial deformities decrease forearm rotation and lead
to DRUJ incongruity. Each study utilizes a unique methodology of simulating motion,
data collection and mechanism of osteotomy. The broad variation in conclusions of these
studies demonstrates the difficulty in accurately simulating and evaluating the complex
deformities of the distal radius. Furthermore, the lack of information regarding combined
deformities, which commonly occur clinically, has not been reported to date.
Similar to the observations of the current study, Kihara et al. (1996) reported that
dorsal angulation of 30° significantly reduced the amount of forearm pronation; however,
they also recorded a decrease in supination. The range of motion of the forearm was
quantified using a tracking system with an external fixator to maintain the fragment
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deformity and with forearm position created by deadweights applied to the biceps or
pronator teres. However, this test method allowed for studying DRUJ stability in static
conditions only.

We speculate that differences noted are due to the active forearm

motion simulated in our study.
Bronstein et al. (1997) concluded that radial shortening of 10mm reduced the
amount of forearm rotation; however, unlike the findings of the current study, dorsal tilt
of 30° led to no significant forearm restriction in either pronation or supination. The
testing apparatus applied a torque to the distal end of the fixator by a deadweight pulley
and measured rotation with a protractor. Each malaligned position of dorsal tilt, radial
shift or shortening was maintained in position by the external fixator pinned into the
radial shaft and second metacarpal. The differences in the results of this study and the
current investigation may be due to the rigidity of deformity simulation and the
methodology of motion measurement.
Adams (1993b) found that radial shortening created the greatest disturbance in
kinematics; dorsal angulation was intermediate and dorsal displacement the least change.
Similar to our findings, they also observed TFCC tightness occurring from the radial
deformity limiting the amount of radial malalignment that could be simulated. However,
their biomechanical study utilized only one discrete position for each malalignment, 25°
dorsal angulation, 5mm radial shortening or 50% dorsal displacement and described the
effect on the DRUJ in terms of TFCC strain and the instant centre of rotation. Adams
simulated forearm rotation from passively moving a pin inserted into the radius, whereas
our forearm motion was a result of active motion created by forces applied to pronator
teres, pronator quadratus, supinator and/or biceps, as detailed previously. Their study
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involved disarticulating the wrist to allow for observation of DRUJ kinematics; which
may have had a significant effect on DRUJ function given that some components of the
TFCC were sectioned.

Yet even with the differences, similarities in findings were

observed between the two studies.
Our study agrees with the finding of Hirahara et al. (2003) that the torque required
to achieve full motion decreased after TFCC disruption, as we noted increased forearm
rotation after sectioning these tissues.

Similar to the current study, that forearm

supination was not affected with dorsal angulation up to 30°; they found that dorsal
angulation needs to exceed 30° before a significant increase in torque was required to
achieve full supination. However, they did not measure a significant change in pronation
until dorsal angulation reached 40°.

Their study employed an external fixator and

utilized identical force (3kg to all dynamic muscles) to simulate active motion. Our study
utilized load distribution based on muscle activity as quantified by electromyography and
the relative cross-sectional areas.

The alternative muscle loading ratios and the

employment of an external fixator could contribute to the differences noted. Utilizing
external fixators for maintaining stable deformity fixation are a limitation of these studies
as it has been previously reported that considerable fragment motion can occur using
external fixation to stabilize distal radial deformities (Dunning et al. 1999).
Few reports have detailed the load distributions on the wrist, Pogue et al. (1990),
in a study of contact areas and pressures, found that dorsal angulation of 30° or 2mm of
radial shortening caused more concentrated loads in the scaphoid and/or lunate. They
also noted difficulty in obtaining displacements of the distal radius for shortening greater
than 4mm or angulations exceeding 20° with the ulna styloid and the TFCC intact.
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In many instances the triangular fibrocartilage complex has been injured with or
without associated fracture of the ulnar styloid process. According to Richards et al.,
TFCC tears occurred in 53% of extra-articular and 35% of intra-articular fractures of the
distal radius (Richards et al. 1997). We agree with these findings and suggest that a
severely displaced malalignment that is not presented with an ulna styloid fracture would
be suspect for a TFCC disruption.
Weaknesses of this study are that that it was conducted on cadaveric specimens
from elderly individuals. As such, there was a reduction in the available range of motion
relative to younger specimens. Furthermore, the muscle loading that could be applied to
create rotation was limited by the strength of the tendons, further limiting the range of
motion. The anthropometric features of the specimens used within this study were within
the normal population ranges. The influence of differences in the native anthropometric
features of the distal radius on the response to distal radius deformities could not be
studied due to the small sample size employed in this investigation.
The current study is the first of its kind to evaluate the effect of multiplanar
deformities of the distal radius in an in vitro model employing active motion simulation.
Based on the results of the current investigation, surgeons evaluating distal radial
deformities should carefully assess not only dorsal angulation but the concomitant
presence of dorsal translation and radial shortening which collectively can increase the
dysfunction of the distal radioulnar joint manifested in this investigation as a loss of
forearm pronation. It would be expected that the abnormal tension in the stabilizing soft
tissues of the distal radioulnar joint would likely result not only in a loss of rotation but
pain as well. Abnormal distal radioulnar joint kinematics and loading could also be
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expected to lead to the development of post-traumatic arthritis and early degenerative
joint disease.
The information presented in this study will allow loss of forearm rotation and
DRUJ dysfunction to be more accurately predicted based on the clinical variables of
magnitude of angulation, translation and shortening of the distal radial fragment.
Malalignment of the distal radius can also be manifested as osteoarthritic changes in the
radiocarpal and distal radioulnar joints.

Future studies are needed to evaluate the

influence of volarly displaced and angulated distal radial deformities and to better
understand how distal radial fragment displacement influences wrist function and patient
outcomes with specific interest in the contact and load patterns of the radiocarpal and
distal radioulnar joints throughout rotation.
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Chapter 4 - The Implications of Colles’ Malalignment on the
Three-Dimensional Distal Radioulnar Joint Congruency
O v erv iew
This chapter examines and develops methods to quantify the kinematics o f
the distal radioulnar joint (DRUJ), with special interest in evaluating the
effect of dorsally angulated and translated distal radial malalignment on
congruency o f the DRUJ articulation.

4.1

I n t r o d u c t io n
Quantifying three-dimensional distal radioulnar joint (DRUJ) kinematics is

essential for understanding normal joint function as well as the effects of derangements
that occur as a result of distal radial malalignment. Malunion of the distal radius is the
most commonly reported complication of closed treatment for distal radius fractures
(Cooney et al., 1980; McQueen et ah, 1988) and kinematic changes in the DRUJ caused
by the malalignment can result in changes in the normal axis of rotation (Adams 1993b),
reduced joint congruity (Kihara et ah, 1996) and limited forearm rotation (Kihara et ah,
1996; Bronstein et ah, 1997; Chapter 3). The previous chapter detailed these effects on
forearm rotation, while the current chapter develops a systematic approach to quantify
and visualize joint motion patterns of clinically relevant distal radius deformities.
The DRUJ allows the movement of the radius over the relatively fixed ulna, while
rotating the hand from the supinated to pronated position (King et ah, 1986a; Hagert
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1992). This rotation occurs about a longitudinal axis that passes roughly through the
centre of the radial head at the proximal radioulnar joint and the fovea of the distal ulna
(King et ah, 1986a; Schuind et ah, 1991).

Due to the varying articulating surface

geometry at the DRUJ, joint surface contact is maximal at neutral with about 60% of the
radius and ulna in contact (af Ekenstam 1992; Lindau et ah, 2002a). The movement of
the ulnar head (somewhat volar in supination and dorsal in pronation), decreases DRUJ
contact to about 10% at the extremes of forearm rotation (Figure 4.1) (af Ekenstam 1992;
Lindau et ah, 2002a).
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Figure 4.1 - Transverse View at the DRUJ of the Ulna and Radial Congruency
The distal radius crosses over the ulna in pronation. The combined
translation and rotation o f the radius during rotation causes the radius to
translate dorsally relative to the ulna in supination and volarlv with
respect to the ulna in pronation.

105

Subluxation of the DRUJ may be diagnosed on a true lateral radiograph of the
wrist. However, minimal rotation of the forearm can easily lead to misinterpretation of
plain radiographs, and computed tomography (CT) is the preferred option as the when
evaluating the DRUJ (Mino et al., 1985; Burk et ah, 1991). Various methods have been
proposed when evaluating the CT parameters of DRUJ instability, including the Mino
(Mino et ah, 1983; Mino et ah, 1985), epicenter and congruency methods (Wechsler et
ah, 1987). The radioulnar ratio (RUR) allows for earlier detection of DRUJ instability
and radioulnar distance (RUD). It is a measure of diastasis and convergence and dorsal
palmar angle (DPA) have all been recently employed as measures of joint congruency
(Lo et ah, 2001; Gordon et ah, 2003a). These measures use computed tomography images
as they allow imaging at various positions of forearm rotation and can image the cross
sectional anatomy of the DRUJ without interference of overlapping structures. As such,
computed tomography has been suggested as the imaging modality of choice for
assessment of the DRUJ in vivo (Mino et ah, 1985; Burk et ah, 1991).
In vitro analysis is not subjected to the same restrictions imparted by in vivo
analysis. These methods would be altogether extremely laborious for the magnitude of
deformities and positions of rotation that were utilized in this study. CT methods require
identifying particular anatomical features and errors in this across scans could induce
inaccurate interpretations of the distal radioulnar relationship. As much as CT imaging is
the most suitable method for in vivo analysis, it is speculated that minimal disruption in
distal radial deformities could play a major role in joint kinematics, and this study would
not restrict itself to the existing methodologies.

None of the previously identified

methods are ideal for repeated in vitro analysis of the radioulnar kinematics with a
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displaced distal radius, as they do not provide a clear picture of the articular malignment
that occurs as a consequence of distal radial deformities.
Current methods to quantify DRUJ displacement include either solely the dorsal volar displacement of the radius was measured in studies related to distal radius
malalignment (Haugstvedt et al. 2002; Pan et al. 2003; Gofton et al. 2005) or as
previously identified, only the motion at the transverse level of the DRUJ (Mino et al.
1983; Wechsler et al. 1987; Nakamura et al. 1996; Lo et al. 2001). However, the effect
of distal radioulnar malalignment on all dimensions of motion: dorsal - volar translation,
radial diastasis and radioulnar translation need to be examined.
The purpose of this study was twofold: 1) to describe the relationship between the
distal radius and ulna during forearm rotation in three space, and 2) to examine the effects
of simulated Colles’ (i.e. dorsally angulated and translated) deformities with and without
TFCC rupture on the three dimensional DRUJ congruency. We hypothesized that the
normal kinematics of the radius and ulna will be significantly altered by simulated
malalignment of the distal radius.

4.2

4.2.1

M ethods

and

M a t e r ia l s

Specimen Preparation and Experimental Setup
Eight fresh frozen upper extremities (mean age 71 years, range 49 to 84 years; 2

female, 4 left) were utilized. To exclude specimens with arthritis or previous fracture, all
were radiographed prior to testing.
A longitudinal incision was made on the volar surface of the distal forearm to
expose the distal radius. A 3-degree of freedom modular implant was secured to the
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distal radius just proximal to the DRUJ. The modular implant was designed to allow for
accurate adjustment of the distal radius in discrete and combined positions of dorsal
angulation and translation.

Further details on the implant and surgical approach are

described in Chapter 3.
Custom Delrin® sleeves were attached to the medial and lateral epicondyles of
the elbow to recreate the muscle lines of action. The tendons of the biceps, pronator
teres, triceps, flexor carpi ulnaris (FCU), flexor carpi radialis (FCR), extensor carpi
ulnaris (ECU) and extensor carpi radialis longus (ECRL) were exposed and sutured to
stainless steel cables. The sutures placed in the tendons of the biceps and triceps were
routed through their respective alignment pulleys. The biceps suture terminated at a
servo motor whereas the triceps suture terminated at a pneumatic actuator. A suture
anchor was placed into the proximal radius at the radial origin of the supinator muscle
while affixing the suture to the adjustable radial implant simulated the pronator quadratus
origin. The sutures were routed through Delrin® sleeves placed at the ulnar insertion
sites and directed through the medullary canal of the ulna exiting at the posterior
olecranon. The proximal end of the supinator cable and the pronator quadratus were
attached to individual pneumatic actuators. The pronator teres tendon was sutured to a
stainless steel cable at its insertion site on the radius and routed through the alignment
sleeve on the medial epicondyle to a servo motor. The sutures for the wrist flexors were
routed the alignment sleeve on the medial epicondyle to separate pneumatic actuators,
allowing for individual tendon control. The sutures for the wrist extensors were routed
through the alignment sleeve on the lateral epicondyle to pneumatic actuators.
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The arm was secured to the motion simulator using a humeral clamp. A
freestanding bar was used to support the foreann in 90° of flexion throughout testing.
The specimens were kept moist using 0.9% normal saline irrigation of the soft tissues and
by closure of the skin during testing.

4.2.2

The Forearm Simulator and Simulated Muscle
Activity
All specimens utilized in this study were affixed to the upper extremity joint

simulator as previously described in Chapters 2 and 3. The simulator was modified for
the current study to improve the fluidity of forearm rotation. Servomotors (SM2315D,
Animatics, Santa Clara, CA) were added for motion control (i.e. constant velocity
feedback) on the “prime mover” tendons for supination and pronation, the biceps and
pronator teres respectively. Custom written software (LabVIEW, National Instruments,
Texas, USA) controlled the proportional pressure controllers (PPC, MAC Valves, Wixon,
MI, USA) enabling the synchronous and independent loading of each actuator. Relative
muscle loading ratios for the pronator agonists (pronator teres and pronator quadratus)
were maintained at 56% and 44%, respectively and the supinator agonists (biceps brachii
and supinator) were 67% and 33%, respectively (Gordon et al., 2003b). As described in
Chapter 2 and 3, the pronator teres and the biceps muscle were classified as the “prime
movers”, as they provided the highest percentage of the total required load for both
motions of interest. The “secondary movers” were the pronator quadratus and supinator
muscles as they assisted with the desired motion, at a given percentage of the prime
mover load. Active pronation and supination were tested separately and achieved by
prime mover motor-based motion control at a constant tendon velocity of 5mm/sec, while
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simultaneously applying a load to the secondary movers using load-controlled pneumatic
actuators.

Tone loads were applied to the wrist flexors (FCU = 7.5±8.0 N, FCR =

7.5±8.0 N) and extensors (ECU = 10.0+0 N, ECRL = 15.0+5.3 N) to maintain neutral
wrist flexion. Wrist flexors were only active with the forearm in supination; conversely,
wrist extensors were active with the forearm in pronation. The triceps tendon was loaded
with a constant force averaging 65.0+5.3 N to prevent elbow flexion off the support bar
during forearm rotation.

4.2.3

Testing Procedure
Testing was initially performed with the radius in neutral (native) alignment. This

data was used as a reference for the simulated malalignment and soft tissue disruptions.
Conditions of 0, 10, 20 and 30° of dorsal angulation and 0, 5 and 10 mm of dorsal
translation were simulated as both isolated and combined deformities.
Following testing of the intact forearm, the TFCC was sectioned from the distal
ulna leaving only the dorsal and volar radioulnar capsule to stabilize the DRUJ. The
dorsal radioulnar ligament, the volar radioulnar ligament and the TFC were detached
from the ulnar head. The ulnocarpal ligaments were left attached to the TFC; however,
the infratendinous portion of the extensor carpi ulnaris was sectioned so that it was no
longer attached to the ulna.

4.2.4

Kinematic Measurements
An electromagnetic tracking system (Flock of Birds, Ascension Technology,

Burlington VT) was used to measure forearm motion. Receivers were rigidly attached to
the radius and ulna, and a transmitter was mounted on the base of the forearm simulator.
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The receivers’ three-dimensional position and orientation relative to the transmitter were
measured. Data was simultaneously collected, at up to 100 Hz, from the electromagnetic
tracking device and a customized in-line load cell on the prime mover (i.e. biceps or
pronator teres tendon) servo motors.

Custom written software in LabVIEW was

developed to collect and process this data.

4.2.5

Kinematic A nalysis
The output of each receiver gives the position and orientation of the local

coordinate axes of the receiver relative to the transmitter. However, in order to make this
more clinically relevant and to compare data across specimens, a bone-specific
coordinate system was developed. This facilitated the kinematic data to be transformed
into relevant anatomic coordinate systems to quantify the relative position of the radius
with respect to the ulna. In order to do this, at the completion of the testing protocol, the
specimen was denuded and fully distracted, to allow bony landmarks on the ulna and
radius to be digitized relative to their respective receivers.
Digitizing the osseous features of the radius and ulna involved using an additional
receiver mounted to a stylus probe. This stylus probe is a short Delrin®, “pencil like”,
object with a pointed end. The tip of the stylus probe attached to the receiver contacted
each feature of the bone and the position of the stylus tip was recorded in relation to the
transmitter for each digitization.

The location of each osseous feature was then

determined relative to the receiver attached to that particular bone. Care was taken when
selecting the landmarks on each bone so that Cartesian coordinate system could be
established that is clinically meaningful, that is, rotations about these axes represent the
major forearm rotations for the joint (Gordon et al., 2003b). Additionally, features on the

distal radial implant were digitized in order to confirm the positioning of the simulated
Codes’ deformities.

4.2.5.1

Ulnar Coordinate System

A bone specific coordinate system was developed for the ulna, the ulnar
coordinate system (U), using bony landmarks on the ulna digitized with respect to the
ulna receiver.

The ulnar coordinate system was determined by digitizing two bony

landmarks, the ulnar styloid and the greater sigmoid notch. A circle fit algorithm was
applied to the greater sigmoid notch and a vector perpendicular to the best-fit plane of
these data points.

Digitizing a single point on the medial side of the forearm and

subtracting this point from the circle fit centre creates a vector that always points laterally
(to account for left and right specimens), this was the temporary Zu axis2. The X u axis
was determined from creating a vector from the ulnar styloid to the centre of circle fit of
the sigmoid notch, pointing proximally. Taking the cross product of the temporary Zu
axis with the X u axis yields the Yu axis which points anteriorly. Finally the cross of the
X u axis with the Yu axis results in the Zu axis, pointing medially.

This method

generates three mutually perpendicular axes and the origin of this coordinate system was
set to be the ulnar styloid (Figure 4.2).

‘Conventions are used throughout this thesis for matrix and vector notation. Leading subscripts and
superscripts outline the reference coordinate system for the written quantity. Trailing subscripts are used
for description.
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B

A

Digitized circle-fit
of greater sigmoid
notch

Ulnar
Receiver
(Ru)
Transmitter
Digitized ulnar
styloid point

Y i r a ns

Figure 4.2 - Creation of the Ulnar Coordinate System
Bony landmarks on the ulna are digitized (A) relative to the receiver on
the ulna (Ru). Using a series o f matrix manipulations, a Cartesian ulnar
coordinate system (Xu, Yu, ZJ are developed with the origin at the ulnar
styloid (B).
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4.2.5.2

Radius Fragment Coordinate System

In the testing protocol, the distal radius fragment was altered. Thus, the radius
cannot be considered a rigid link throughout testing since the distal fragment can be
repositioned relative to the proximal end. Since the affixed flock of birds (FOB) receiver
was mounted to the proximal portion, and a separate receiver could not be mounted on
the distal fragment, two separate coordinate systems were developed in order to describe
the motion of the distal end relative to the proximal. The radius fragment coordinate
system (FCS) was established at the proximal end of the radius, at the location where
Colles’ malalignment was generated (Figure 4.3). Creation of a coordinate system at this
exact location allows for the mathematical transformation of the distal end of the radius
in accordance with the simulated deformity. All the distal radial implant components to
create Colles’ deformities were designed from this apex of rotation.

As such, it is

important that this same apex of rotation was selected on the specimen so as to properly
mathematically transform the distal fragment.
The coordinate system used for the radius fragment was created from digitization
points taken on the proximal implant relative to the radial receiver (Figure 4.3). Data was
transformed relative to a right-handed specimen as detailed. The

Z fcs

axis was created

by subtracting the left from the right volar surface digitization dimples on the proximal
implant. This creates the

Z fcs

axis with a line of action medially. The temporary Y fcs

axis was calculated by subtracting the right bottom (volar) digitization from the right top
(dorsal) digitization, to create a posteriorly directed temporary axis.
temporary

Z fcs

Crossing the

Crossing the

axis by the Y fcs axis generated the X Fcs axis, which points proximally.

Z fcs

axis by

X fcs

axis the yields the

Y fcs

axis, using the right hand rule,
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which points anteriorly. The midpoints of the left and right volar digitzations of the
proximal implant were calculated and set as the origin, to coincide with the designed
apex.
The ulnar and radius fragment coordinate system as well as the radial and ulnar
receivers and transmitter are shown in Figure 4.4.
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Figure 4.3 - Creation and Orientation of the Fragment Coordinate Systems
Two dimples on three sides o f the implant were digitized, namely, left and
right on the volar surface and top and bottom on the medial and lateral
sides (A) relative to the receiver on the radius (Rr). Similar to the ulna, a
Cartesian Fragment Coordinate System (FCS) with X fcs, Yfcs, Z fcs are
developed. The origin is set as the apex o f rotation and translations,
which is the midpoint between the medial-lateral surfaces, proximal end o f
the implant. This is as shown in B, with Z fcs pointing laterally for
illustration purposes, positive is medial.
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Radius
Radial
Receiver

Ulnar
Receiver
Transmitter

s- YTrans
FCS

XTrans

ZTrans

Figure 4.4 - Coordinate Systems Used for Joint Kinematics
A unique coordinate system was employed when examining the effects o f
Colles ’ deformities on DRUJ kinematics. Simulating a malalignment
required unique positioning o f the distal end o f the radius for each
condition. The neutral orientation o f the distal radius was digitized and
the position and orientation o f each simulated deformity was determined
through matrix multiplication. Included for joint kinematics are the
fragment coordinate system (FCS) and ulna coordinate system (U), the
transmitter (trans), the receivers attached to the radius (Rr) and ulna (Ru).
Figure obtained with permission from the Hand and Upper Limb Clinic
and modified.
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4.2.53

Distal Radial Fragment Position and Orientation

The testing protocol in this study required precise positioning of the distal radial
fragment. Since it was not possible to mount a receiver to the small distal radial fragment
and measure the position data directly, this data was mathematically determined.
Because the malalignment conditions were known (i.e. specific degrees of dorsal
angulation (DA) and dorsal translation (DT)) for the deformities modeled, each had a
unique transformation matrix. As a result, the distal fragment was precisely repositioned
with the appropriate malalignment transformation matrix.
The distal fragment of the radius had been repositioned in a set orientation to
simulate varying degrees of malalignment. Therefore, the transfonnation of the distal
fragment (DCS) relative to the fragment coordinate system (FCS) was known for each
deformity and each condition had a unique transformation matrix, ^ 5 T . To transform
a point on the distal radius fragment to the ulnar coordinate system, a point on the distal
end of the radius (Distal R) was initially determined relative to the distal end of the radius
for the native case as follows:
DCS p

r

_

DCS T

D is t a lR

FCS1

FCS

t

R r1

' „ R r p

(Equation 4.1)

r D is ta lR

For the native case, this transformation matrix ( F
^ s T ) equates to the identity
matrix. Once the distal radial point was determined in the distal coordinate system for
the native alignment, this was then repositioned in the ulna coordinate system for a
malaligned case as follows:
U p
1 D is ta lR

_

U T

Rur

Ru1

Rr

R rp

F C Sp

* FCS1 A D CS1

D C Sp
r D is ta lR

(Equation 4.2)
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The position and orientation of the distal fragment of the radius was determined in
the ulnar coordinate system for each malaligned case. For this work, the rotations (DA)
and translations (DT) were all defined to occur about the axes of the fragment coordinate
system (FCS). In particular, the dorsal angulations occurred about the z-axis and the
translations about the y-axis of the FCS. For a left arm, the rotations are about -Z and for
a right about the positive Z axis. A malalignment that result in angulations only can be
described mathematically as:
Dcsjk^ = r° t{ Z R,a )

(Equation 4.3)

Resulting in the rotational matrix,
cos a
FCSR _ sin«
DCS./x1X*
0

-sin «
cos«
0

0
0
1

(Equation 4.4)

where
rot(Zr,y) =

the 3x3 rotation matrix describing rotation about Z,.

Fractures with combined translation and rotation are written in general form as follows:

p

r F C S,x
F CS d
D C S , fa ^

FCS
rp
D C S ,fx 1

P

r FCS,y

P

0

0

0

r F C S ,:

1

where
PFCSx
PFCSv
PFCSz

= the translation in the
= the translation in the
= the translation in the

x direction of theFCS
y direction of theFCS
z direction of theFCS

(Equation 4.5)
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All transformation matrices used for this analysis, more details and notation are
provided in Appendix D.

4 . 2 .5 A

Kinematic Analyses

In order to analyze the relationship of the radius to the ulna in the same reference
frame, the ulnar coordinate system was selected as the fixed coordinate system and the
reference points digitized relative to the radial receiver, and the subsequent radial
coordinate system, must be additionally transformed into the ulnar coordinate system
(determined via mathematical transformations (Appendix D)).

The three mutually

perpendicular axes employed in this study were as follows: the Ux axis is oriented
inferior-superior, the Uy axis is anterior - posterior, and the Uz axis was positioned along
the medial - lateral plane, with the convention of proximal, anterior, and medial
directions as positive (same convention as shown in Figure 4.4). In order to compare left
and right specimens, left specimen data was negated to align with the right-handed
coordinate system.
In order to assess the spatial relationship between the radius and the ulna, the
position of the radius to the ulna throughout motion and for each simulated deformity was
analyzed.

The midpoint of the volar and dorsal margins of the sigmoid notch was

calculated in three-dimensional space to most consistently represent the middle of the
DRUJ on the radius for every deformity. These points are illustrated in Figure 4.5 as
volar margin (UA), dorsal margin (Ub) and midpoint of this line (Uc). The position of the
radius relative to the fixed coordinate system of the ulna was determined through the
relationship of Uc to point Ud for every deformity. The kinematic parameter, line Ucd,
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was calculated by solving for the length of the line U cd in three-dimensional space. The
effect of Colles’ malalignment on radial shortening can be easily determined by the
movement of Uc in the proximal-distal (Ux,c) direction.
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Volar

Dorsal

Figure 4.5 - Radial Length at the DRUJ
Shown above is a transverse section o f the distal radius and ulna at the
level o f the DRUJ. Osseous landmarks are identified; A - volar margin o f
the sigmoid notch. B - dorsal margin o f the sigmoid notch, C - midpoint
o f the line A and B, on the radius and D - fixed point on the ulna (A).
Radial length is determined by the movement o f point C in the proximal
distal direction o f the ulnar coordinate system (Ux.c)-
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Table 4.1 illustrates the mathematical prediction of the position of point C relative
to point D in terms of Ux, Uy, Uz and length of the line U cd in the ulna coordinate
system as a result of the deformity with the digitized specimen data. However, since the
actual position is affected by many factors in vitro, this goal of this study was to examine
the impact of Codes’ malalignment on Ux, Uy, Uz and line Ucd across forearm rotation
for both active pronation and supination with and without TFCC sectioning.
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M alalignm ent

U x ,C (+ Prox)

ODA ODT

0.0 ± 0 .0

0D A 5D T

U

y ,C

(+A nt)

U z ,C (+ M ed)

U cD

0.0 ± 0 .0

0.0 ± 0 .0

0.0 ± 0 .0

0.0 ± 0 .0

-5.0 ± 0 .0

0.0 ± 0 .0

5.0 ± 0 .0

ODA 10DT

0.0 ± 0.0

-10.0 ± 0 .0

0.0 ± 0 .0

I 0 .0 ± 0 .0

1ODA ODT

0.8 ± 0 .8

-6.4 ± 0.6

0.0 ± 0 .0

6.4 ± 0 .6

10D A 5D T

0.8 ± 0 .8

- 1 1.4 ± 0 .6

0.0 ± 0 .0

11.4 ± 0 .6

10DA 10DT

0.8 ± 0 .8

-16.4 ± 0 .6

0.0 ± 0 .0

16.4 ± 0 .6

20D A 0D T

2.8 ± 1.7

-12.5 ± 1.1

0.0 ± 0 .0

12.9 ± 1.3

20D A 5D T

2.8 ± 1.7

-17.5 ± 1.1

0.0 ± 0 .0

17.8 ± 1.3

20D A I0D T

2.8 ± 1.7

-22.5 ± 1.1

0.0 ± 0 .0

22.7 ± 1.2

30D A ODT

5.8 ± 2 .6

-18.2 ± 1.6

0.0 ± 0 .0

19.2 ± 1.9

30D A 5D T

5.8 ± 2 .6

-23.2 ± 1.6

0.0 ± 0 .0

24.0 ± 1.9

30D A 10DT

5.8 ± 2 .6

-28.2 ± 1.6

0.0 ± 0 .0

28.9 ± 1.8

Table 4.1 - Predicted Location of the Distal Radius Fragment in the Ulnar
Coordinate System
The static position o f the distal fragment relative to the apex o f rotation,
demonstrating the intended Ux.c, Uy.c and Uz.c position o f the simulated
deformity. The mean and ± 1 standard deviation in millimeters o f the
midpoint o f the dorsal and volar margin o f the sigmoid notch o f the radius
for varying deformities. All simulated deformities, which consisted o f
dorsal angulation (DA) and dorsal translation (DT), are shown.
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It is commonly known that the position of the radius relative to the ulnar head
changes with the position of pronation-supination rotation (King et al., 1986a). As such,
explaining the effects of a dorsal malalignment in terms of the coordinate system of a
stationary ulna is not easily interpreted.

Perhaps at neutral and at the extremes of

rotation, a translation in the medial-lateral or anterior-posterior direction would be clear
to describe relative to the ulna. However, throughout rotation, diastasis of the radius
away from the ulna would contain components of medial -lateral (Uz) and anterior
posterior (Uy) shift relative to the ulna.

This does not allow for easy clinical

interpretation. For that reason, it was detennined that the position of the radius as a result
of a malalignment would be assessed in terms of diastasis (radial shift) and dorsal-volar
translation with respect to the intact, neutral case. A moving axis on the radius was
developed to more clearly present DRUJ congruency in a clinically relevant manner
(Figure 4.6).
The change in motion of the radius relative to the ulna for each deformity in the
transverse (A-P versus M-L) plane was determined relative to the native condition. The
kinematic pathway for the intact, native condition derived from the motion of the centre
of the dorsal and volar margins of the sigmoid notch was curve-fit across rotation. A
second order polynomial line was created for each curve, as shown in Equation 4.6 below
for a single specimen (see Appendix D for further calculations and polynomial constants
for all specimens).

Uy

=

aUy~ +bUy +C

(Equation 4.6)
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,
dU 7
Taking the derivative ( ----- ) and substituting each coordinate of rotation, the
dUY

slope of the line is obtained, and thus a new coordinate system was developed tangential
and perpendicular to each point. This new coordinate system corresponds clinically to
diastasis and dorsal-volar translation of the radius, respectively. The motion pathway
resulting from a malaligned radius was compared at each corresponding point in rotation,
thus determining the change in diastasis and dorsal - volar translation from native as a
result of the deformity simulated.
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Dorsal - Volar

Figure 4.6 - Transverse Kinematic Descriptors at the DRUJ
The motion o f point Uc across 15 degree rotation increments for native
and a malunited example is shown. A local coordinate system at each
point in native rotation is determined normal and tangential to the curve.
Diastasis and dorsal-volar translation o f the malunited motion is
calculated relative to the native radial coordinate system.
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4.2.6

Statistical Analysis
Two-way repeated measures analyses of variance (ANOVAs) were conducted on

each of the kinematic outputs (dependent variables) to determine differences due to
pronation versus supination trials for intact and sectioned TFCC. Forearm rotation data
were collected from 45° to 45° for supination motion and 45° supination to 30° pronation
for pronation trials; at 15° increments. The three kinematic descriptors (radial length,
radial diastasis and dorsal-volar translation) were subsequently analyzed separately using
four-way repeated measures ANOVAs, with Greenhouse Geisser correction, to determine
effect on each resulting from the independent variables: TFCC state, forearm rotation,
angulation and translation. Statistical analysis was conducted with SPSS® vl7 software
(SPSS Inc., Chicago, USA) and significance was set at a p value of less than 0.05.

4.3

R esults
There were no statistically significant differences between pronation and

supination trials for any of the three dependant variables of radial length, radial diastasis
or dorsal-volar translation for the same range of motion (p > 0.05). As such, only the
supination data is reported herein.
With an intact TFCC, increasing the magnitude of dorsal angulation and dorsal
translation caused an evident volar prominence as the distal radius translated dorsally
with respect to the ulna. The predicted location of the distal fragment was compared with
the in vitro position, averaged across rotation (Table 4.2).
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In Vitro
In Vitro
Sectioned

P redicted
Intact L ength
M alalignm ent

In Vitro

In Vitro

Sectioned
Intact Length

L ength o f Line

L ength o f
o f L ine U cd

L ength o f L ine
o f L ine UCd

L ine U CD

U cd
Pronation

U cd
S upination

ODA ODT

0.0 ± 0 .0

0.00 ± 0 .3 6

0.80 ± 0 .8 1

0.00 ± 0 .1 8

0.30 ± 0 .3 0

ODA 5D T

5.0 ± 0 .0

0.13 ± 0 .4 4

1.29 ± 0 .7 2

0.19 ± 0 .2 6

0.27 ± 0.25

ODA 10DT

10.0 ± 0 .0

0.46 ± 0.42

1.15 ± 0.85

0.73 ± 0.25

0.75 ± 0 .2 4

1ODA ODT

6.4 ± 0.6

0.32 ± 0 .5 5

0.89 ± 0 .9 5

0.02 ± 0 .2 9

0.53 ± 0.22

10D A 5D T

11.4 ± 0 .6

0.13 ± 0 .5 7

0.89 ± 0.95

0.34 ± 0 .3 1

0.78 ± 0 .2 1

10DA 10DT

16.4 ± 0 .6

0.47 ± 0.60

1.32 ± 1.08

0.91 ± 0 .3 2

1.56 ± 0 .2 1

20D A ODT

12.9 ± 1.3

0.73 ± 0.78

2.06 ± 1.10

0.95 ± 0 .5 1

1.52 ± 0 .3 3

20D A 5D T

17.8 ± 1.3

1.47 ± 0 .8 2

2.53 ± 1.10

1.74 ± 0 .5 1

2.03 ± 0.29

20D A 10DT

22.7 ± 1.2

2.38 ± 0 .8 4

3.18 ± 1.10

2.59 ± 0 .5 7

3.11 ± 0 .4 2

30D A ODT

19.2 ± 1.9

3.27 ± 0 .8 7

4.98 ± 1.09

3.18 ± 0 .4 8

3.92 ± 0 .5 0

30D A 5D T

2 4.0 ± 1.9

4.13 ± 0 .9 8

5.61 ± 1.09

3.97 ± 0.60

4.35 ± 0 .5 2

30D A 10DT

2 8.9 ± 1.8

5.37 ± 0 .9 9

6.51 ± 1.09

5.25 ± 0.67

5.63 ± 0.65

Table 4.2 - Predicted Displacement of the Distal Radius Fragment Compared to the
In V itro

Position of the Distal Fragment

The mean and ± 1 standard deviation in millimeters o f the change in
length of the line CD from native averaged across rotation. The effect of
TFCC state, and deformity are shown for both pronation and supination.
Predicted length o f line Ucd is from the data provided in Table 4.1.
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All data is presented additionally in Table 4.3 and Table 4.4 for intact and with
TFCC sectioned ligaments both independently and combined.

4.3.1

Effect of Distal Radial Deformities on Radial
Length
There was a progressive increase in radial shortening with increasing dorsal

translation (Figure 4.7A; p=0.01) and angulation (Figure 4.8A; p=0.001) of the distal
radial fragment. Combined deformities further increased radial shortening (Figure 4.9A;
p=0.03).

Sectioning of the TFCC further shortened the length of the radius (Figure

4.1OA, 4.11 A, 4.12A; p=0.01). There was no effect of forearm rotation on the magnitude
of radial shortening (p=0.7).

4.3.2

Effect of Distal Radial Deformities on Diastasis
of the DRUJ
There was an effect of forearm rotation on radial diastasis such there is less radial

diastasis at the extremes of rotation tested, whereas radial diastasis was greater during
midrange rotation (p=0.001).

In a similar fashion to radial shortening, there was a

progressive increase in diastasis with increasing dorsal translation (Figure 4.7B; p=0.04)
and angulation (Figure 4.8B; p=0.001) of the distal radial fragment. Diastasis was further
increased with multiplanar deformities (Figure 4.9B; p=0.009). Sectioning of the TFCC
resulted in an increase in diastasis (Figure 4.1 OB, 4.1 IB, 4.12B; p=0.007).

130

4.3.3

Effect of Distal Radial Deformities on Dorsal
Volar T ranslation of the DRUJ
The effects of distal radial deformities on dorsal-volar translation of the DRUJ

were dependent on the position of forearm rotation (p=0.01). With the forearm in
pronation, increasing dorsal fragment translation (Figure 4.7C) and angulation (Figure
4.8C) caused a progressive increase in volar translation of the DRUJ (p=0.04 and p=0.02
respectively). Combined deformities further increased volar translation of the DRUJ
(Figure 4.9C) (p=0.03).
With the forearm in supination there was no significant effect of increasing dorsal
fragment translation (Figure 4.7C) (p=0.8) and angulation (Figure 4.8C) (p=0.7) on the
translation of the DRUJ. Combined deformities also had no significant effect on the
translation of the DRUJ (Figure 4.9C) (p=0.7).
With the forearm in pronation sectioning of the TFCC resulted in an increase in
volar translation of the DRUJ for dorsal fragment translation (Figure 4.10C) (p=0.01),
angulation (Figure 4.11C) (p=0.02) and combined deformities (Figure 4.12C) (p<0.03).
With the forearm in supination sectioning of the TFCC had no significant effect on
translation of the DRUJ for all deformities (Figure 4.10C)(p=0.8), (Figure 4.1 lC)(p=0.6),
(C) (p=0.5).
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Table 4.3 - Congruency at the DRUJ with Simulated Codes’ Malalignment with an Intact TFCC
The effects o f distal radial deformities are shown for radial length, diastasis and dorsal-volar translation with an intact
TFCC relative to native. The mean and ± 1 standard deviation in millimeters o f the change in position from native for
pronation, neutral and supination. Positive radial length reflects shortening, positive diastasis indicates a shift o f the
radius from the ulna and positive dorsal-volar translation is a volar shift.
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Figure 4.7 - Kinematic Effects Resulting from a Dorsally Translated Distal Radius
The effect o f radial deformities on radial length (A), radial diastasis (B)
and dorsal volar translation (C). (Mean values). Standard deviations
provided in Table 4.3.
-
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Figure 4.8 - Kinematic Effects Resulting from a Dorsally Angulated Distal Radius
The effect o f radial deformities on radial length (A), radial diastasis (B)
and dorsal - volar translation (C). (Mean values). Standard deviations
provided in Table 4.3.
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Figure 4.9 - Kinematic Effects from Multiplanar Distal Radius Deformities
The effect o f radial deformities on radial length (A), radial diastasis (B)
and dorsal - volar translation (C). (Mean values). Standard deviations
provided in Table 4.3.
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Table 4.4 - Congruency at the DRUJ with Simulated Codes’ Malalignment with a Sectioned TFCC
The effect o f distal radial deformities is shown for radial diastasis and dorsal-volar translation with a sectioned TFCC.
The mean and ± 1 standard deviation in millimeters o f the change in position from native for pronation, neutral and
supination. Positive radial length reflects shortening, positive diastasis indicates a shift o f the radius from the ulna
and positive dorsal-volar translation is a volar shift.
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Figure 4.10 - Kinematic Effects Resulting from a Dorsally Translated Distal Radius
with Sectioned Ligaments
The mean effect o f radial deformities on radial length (A), radial diastasis
(B) and dorsal volar translation (C) with a sectioned TFCC. (Mean
values). Standard deviations provided in Table 4.4.
-
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Figure 4.11 - Kinematic Effects Resulting from a Dorsally Angulated Distal Radius
with Sectioned Ligaments
The mean effect o f radial deformities on radial length (A), radial diastasis
(B) and dorsal - volar translation (C) with a sectioned TFCC. (Mean
values). Standard deviations provided in Table 4.4.
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Figure 4.12 - Kinematic Effects from Multiplanar Distal Radius Deformities with
Sectioned Ligaments
The mean effect o f radial deformities on radial length (A), radial diastasis
(B) and dorsal volar translation (C) with a sectioned TFCC. (Mean
values). Standard deviations provided in Table 4.4.
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4.4

D is c u s s io n
DRUJ instability results from derangement of one or more of the three

determinants of stability: the integrity of the soft tissue stabilizers, the normal osseous
relationship of the radius and ulna, and muscle activity. This chapter further examines
the role of simulated distal radial deformities and the soft tissue stabilizers on the osseous
relationship of the radius to the ulna. Our results show that both of these components are
important contributors in maintaining stable DRUJ function. Acute DRUJ instability or
subluxation has been reported in up to 60% of forearm fractures and are frequently
identified with complex distal radius fractures (Bowers 1991; Bruckner et al., 1992;
Lindau et al., 1999). In a biomechanical study, it was demonstrated that congruity of the
DRUJ was important for stability of the joint (af Ekenstam et al., 1985b). The current
study further evaluates the role of distal radial deformities and ligamentous injuries on
the kinematics of the DRUJ.
During testing, it was noted that the simulated deformities of the distal radius
produced clinically obvious forearm deformities (as previously detailed in Table 4.1).
Yet, despite the significant displacement of the distal fragment, the congruity of the
DRUJ was minimally altered as the distal radius fragment tended to maintain its normal
alignment with the ulna (Table 4.2), likely due to the soft tissue stabilizers of the forearm
including the interosseous membrane and the distal radioulnar ligaments. As the distal
fragment was shifted dorsally, the proximal radial shaft shifted volarly to maintain the
integrity of the DRUJ. Adams (1993b) reported the same finding, and also noted that the
deformity primarily produced increased tension in the surrounding extra-articular soft
tissues. Kihara et al. (1996) reported a similar finding and suggested that the deformities
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resulted in increased tension in the IOM. We speculate that this attempt to maintain joint
integrity causes increased loading at the DRUJ and this may be why pain is so commonly
experienced in the ulnar aspect of the wrist following malunited fractures. This will be
examined further in Chapter 5.
This study demonstrated, in a cadaveric model, that each of the simulated
deformities of the distal radius produced a two-dimensional change in the radius, namely
dorsal shift and/or shortening (translation in the proximal direction) (Table 4.1) but a
three-dimensional disruption at the DRUJ.

Attempting to isolate the feature of the

deformity that creates the kinematic disturbance is difficult. Interpreting and determining
the best metric to describe the three-dimensional effect of the malalignment on the DRUJ
congruency is even more challenging.

In the current study, as in others, the term

incongruency is difficult to quantify. Incongruency at the DRUJ can refer to dorsal or
palmar joint subluxation or displacement of the radius away from the ulna. There is no
clear definition as to how much deviation from normal warrants the condition being
classified as pathologic.

This study examined the effects of simulated Colles’

malalignment in three dimensions: the change in length of the radius, diastasis (medial
lateral shift of the radius from the ulna), and dorsal-volar translation. Our assumption is
that incongruency occurs when there are significant changes in radial length, diastasis or
dorsal-volar subluxation.
Jupiter and Masem (1988) found that deformities of the distal radius resulting in
shortening greater than 6mm caused pain the DRUJ and decreased pronation and
supination. They concluded that radial shortening was the most common and disabling
source of problems in malunited fractures. Adams, in a biomechanical study, also found
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that radial shortening produced the largest kinematic disturbance when compared with
dorsal angulation, radial inclination and dorsal displacement (Adams 1993b). As was
noted in Chapter 3, when examining the effects of radial shortening in isolation, the
TFCC became taut and restricted the ability to consistently simulate more than 2.5mm of
pure radial shortening. Due to the limited ability to simulate this translation with an
intact TFCC, it was not examined in isolation in this study. However, the magnitude of
shortening that resulted at the DRUJ as a result of dorsal angulation was examined. It
was found that the radius was located significantly more proximally with incremental
increases in angulation at all positions of forearm rotation. In an in vivo study by Crisco
et al. examining distal radius malalignment, they also found that the centriod of joint
contact moved proximally causing a lengthening in the dorsal radioulnar ligament which,
they suggested, was responsible for the alterations in joint mechanics (Crisco et al.,
2007). It is suggested from the current work that the shortening effect resulting from the
angulation may be an important contributor to the diastasis observed. This, combined
with the inability of simulating radial shortening found in Chapter 3, would suggest that
the shortening is a contributing factor causing the disruption of joint congruity.
One previous biomechanical study by Kihara et al. (1996) examined the effects of
dorsal angulation, using the magnitude of radial displacement as an indicator of DRUJ
incongruency. They found that dorsal tilt more than 20° results in DRUJ incongruity
with a radial diastasis of 3.6mm in supination and 2.2mm in pronation. The current
study; however, found that dorsally angulated deformities resulted in radial shortening,
diastasis and volar translation.

Each of these parameters had different levels of

incongruency depending on the position of forearm rotation and the magnitude of distal
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radial deformities. We observed that there was slightly greater diastasis in supination
than pronation, similar to the findings of Kihara. The trend for the radius to shift radially
as the magnitude of deformity increased may be the result of the translation of the radius
with respect to the ulna. Since the sigmoid notch of the radius is concave, as the ulna
slides dorsally or volarly, the radius is pushed radially. The more the ulna is seated in the
central sigmoid notch, the more ulnar the radius will be, hence less in terms of measured
diastasis.

This study found that the dorsally translated and angulated distal radial

fragment shifted volarly in pronation and slightly dorsally in supination. This is a new
and important finding. This may be counter-intuitive, as a dorsally angulated deformity
would generally have thought to cause a dorsal shift of the radius throughout rotation. In
the native situation, as the DRUJ moves from pronation to supination, the position of the
ulnar head moves from dorsal to volar (King et al., 1986a; Linscheid 1992b) and, as such,
except perhaps in neutral, this precludes a completely congruent joint (King et al., 1986a;
Lo et al., 2001). It is speculated that the constraints of the interosseous membrane and
TFCC prevents the expected dorsal translation, forcing the radius more volarly in
pronation. However, since sectioning of the TFCC resulted in further volar translation,
the interosseous membrane should be considered the most likely constraint. This could
be confirmed in future studies by evaluating the effect of interosseous membrane
sectioning in this model.
Similar to the finding in Chapter 3, the TFCC has a tethering effect on the ulna
that restricts the amount of radial and dorsal-volar displacement the joint will
accommodate. As explained above, this is postulated to be at a cost of increasing the
tension in the joint. Disruption of the TFCC resulted in a greater amount of incongruency

143

at the DRUJ. These results support previous analyses that the TFCC is an important, if
not the major, stabilizer of the joint (Gofton et al., 2004; Lawler et ah, 2007). Despite
this finding, only one specimen demonstrated subluxation of the DRUJ with aggressive
simulated malalignment and sectioning the TFCC alone. This may in part be due to the
preservation of the dorsal and volar capsule of DRUJ in the current in vitro study that
may be disrupted in the clinical setting.

These results suggest that since severely

displaced radial deformity with a TFCC tear did not allow gross instability of the DRUJ
that if this occurs clinically, it might be suspected that it is accompanied with more
significant soft tissue disruption than simulated in the current investigation.
While this research systematically addresses the features of a distal radial
deformity that causes DRUJ incongruity, there are limitations to this current work. The
assumption is made that the findings of in vitro testing can be correlated to the in vivo
state. While it is recognized that the testing conditions cannot mimic the clinical case, it
is anticipated that the relative changes in motion pathways observed for the different
positions simulated would, in all probability occur in vivo.

Also, this study was

conducted on a relatively small sample of specimens from elderly individuals. Hence,
there was a reduction in the available range of motion relative to in vivo, as our forearm
rotation did not include measurements beyond 45° pronation or supination. Furthermore,
resisted motions were not performed in the current investigation and may have been more
provocative in inducing DRUJ incongruity.
In summary, joint incongruence initiates irreversible cartilage damage that gives
rise to degeneration of the DRUJ (Geissler et al., 1996).

Although a definitive

quantitative link has not yet been established, it is believed that changes in the DRUJ
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mechanics are necessary.

Colles’ fractures that increase dorsal tilt in excess of 20°

causes a reduction in pronation or supination (Kihara et al., 1996; Crisco et ah, 2007) and
radial shortening (Deshmukh et ah, 2000) has been previously linked to a loss of
congruity. These studies are consistent with our findings that indicate a significant shift
in DRUJ dorsal-volar translation, diastasis and radial shortening can be expected with
deformities of the distal radius. Limited pronation and supination, which was observed in
Chapter 3, is likely a result of the lack of congruency at the DRUJ as observed in the
current study. Sectioning the TFCC resulted in an increase in incongruity at the joint.
These results suggest that severely displaced deformities associated with DRUJ
instability likely have a disruption of the TFCC. The clinical implications of this study
include demonstration and quantification of the generally progressive DRUJ incongruity
with displaced Colles’ type distal radial fractures, and provide a rationale for a corrective
osteotomy in order to restore joint congruency.
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Chapter 5 - Load Transfer at the Distal Ulna Following
Simulated Colies’ Malalignment
O v erv iew
A comprehensive biomechanical evaluation o f a joint should include
quantifying load transfer.

This chapter focuses on the application o f a

load cell to quantify the loading o f the distal ulna and reports the in vitro
loads in cadaveric specimens with simulated distal radial deformities
using an upper limb motion simulator.

5.1

I n t r o d u c t io n
A load cell is an electromechanical transducer that converts mechanical stimuli

(i.e. forces and moments) into an electrical signal. This conversion is generally achieved
via strain gauges. The strain gauge converts the deformation (strain) to a change in
electrical resistance. The load cell usually consists of strain gauges configured in a
Wheatstone bridge (an electrical circuit designed to allow for the comparison of
resistances). The electrical signal is calibrated to correlate the output to a force applied.
This instrument has many applications, including the potential to quantify load
through joints of the body. Quantifying loads in the human body has been a difficult
task. However, it is important in order to advance the knowledge of joint mechanics,
degeneration, and orthopaedic implant design. Joint reaction forces can be measured or
estimated through a variety of methods including instrumented in vitro orthopaedic joint
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replacements, telemetrized implants (for in vivo loads), analytical or computer modeling,
pressure-sensitive film and strain gauges applied directly to bone.
The previous techniques have been employed in other joints including the
shoulder (Apreleva et al. 2000; Parsons et al. 2002; Creighton et al. 2007; Graichen et al.
2007) , trunk (Wilke et al. 2003), hip (Bergmann et al. 2001; Stansfìeld et al. 2003;
Bergmann et al. 2004) and knee (Taylor et al. 2001; Taylor et al. 2004; D'Urna et al.
2005; D'Lima et al. 2006; D'Lima et al. 2007; Mundermann et al. 2008; Varadarajan et al.
2008) .
With regard to the forearm and hand, early biomechanical studies have indicated
that 20% of the load applied axially to the hand is transferred to the distal ulna (Palmer et
al. 1981). Other experimental work related to the forearm has employed uniaxial load
cells in cadaveric studies. A section of the forearm bone(s) was replaced with a load
cell(s) (af Ekenstam et al. 1984; Palmer et al. 1984; Trumble et al. 1987; Rabinowitz et
al. 1994; Markolf et al. 1998; Markolf et al. 2000; Shepard et al. 2001 a; Shepard et al.
200 lb; Tomaino et al. 2003; Markolf et al. 2004). Subsequently, the forearms were
axially loaded, and measurements were taken before and after various soft tissue injuries.
These studies (af Ekenstam et al. 1984; Markolf et al. 1998 and Trumble et al, 1987)
estimated that between 9% and 37% of the axial load applied to the hand is transferred to
the distal ulna. Pfaelle and co-workers (Pfaeffle et al. 1999; Pfaeffle et al. 2000)
employed a commercially-available universal force sensor, a six-degree of freedom (6DOF) load cell to determine the overall resultant load vector that passed through both the
radius and ulna when an axial load was applied to the hand. Their results agree with the
previous studies that the radius carries the majority of the load at the wrist. Shaaban et al.
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examined the force transmission through the ulna and radius in two static studies
(Shaaban et al. 2004; Shaaban et al. 2006). In the first investigation, pressure sensitive
film was also used to quantify the force transmission across the DRUJ while the second
utilized strain gauges applied to the cortical surfaces of the distal third of the radius and
ulna. They found, utilizing minimal applied loads, that in the supinated position, the
maximum load occurred in the ulna, while the radius bore its maximum load in the
pronated position. Sectioning and reconstruction of the Distal Radioulnar Ligaments
(DRUL) had no effect on the force transmission through the ulna and radius.
Studies on load transfer through the distal radioulnar joint (DRUJ) are limited.
Nishiwaki et al. recently evaluated the effects on distal radioulnar joint pressure as a
result of progressively shortening the ulna (Nishiwaki et al. 2008). Ulna shortening is a
clinical procedure that has been shown to relieve ulnar impaction syndrome and increase
TFCC tension, thus improving DRUJ stability. Using pressure sensitive film inserted in
the DRUJ in three discrete positions of forearm rotation, they concluded that ulnar
shortening results in an increase in peak pressure at the DRUJ (Nishiwaki et al. 2008).
Harrison et al. investigated the orientation of the distal radioulnar joint on the strain in the
interosseous membrane and force in the joint using pressure sensor film (Harrison et al.
2005). It was demonstrated that the strain in the interosseous membrane was at its
maximum in neutral forearm rotation, decreasing with pronation or supination and that
the force in the joint is greater with the Type II (intra-articular DRUJ fracturedislocations) distal radioulnar joint.
Only one study has attempted to investigate the magnitude of the distal radioulnar
joint reaction force throughout motion in vitro (Gordon et al. 2005).

Gordon et al.
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utilized an instrumented ulnar head implant capable of measuring medial-lateral (M-L)
bending, anterior-posterior (A-P) bending and inferior-superior (I-S) axis torsion and
examined the effects of simulated muscle activity on load transfer across the DRUJ.
They found that the primary influence of joint load could be attributed to the position of
the ulna within the sigmoid notch of the radius. Loading experienced by the ulnar head
during forearm rotation was linked to the position of contact with the sigmoid notch, a
function of the forearm position in rotation. This study improved our understanding of
the loading environment of an ulnar head implant with an intact distal radius but did not
provide information on loading of the native ulnar head with intact ligaments nor the
loading resulting from distal radial deformities.
Although the previously identified studies were conducted to examine load
transfer and loading patterns through the forearm, all have been static measurements
except for the study by Gordon et al. The current study examines the effect of distal
radius deformities on load transfer at the DRUJ as well as quantifying the distal ulnar
load with a native ulnar head. In addition, the magnitude of simulated muscle activity
required to achieve forearm rotation for the conditions were quantified. This is important
from the viewpoint of improving orthopedic implant design, planning surgical and
rehabilitation procedures, studying the mechanics of malalignment, and understanding
soft tissue injuries. The effect of deformities of the distal radius on distal ulnar loading
may explain the cause of stiffness, pain and arthritis that is commonly seen clinically.
In light of the foregoing, the overall goal of this work was to measure the effects
of distal radial malpositioning on the loading at the distal ulna. Using an adjustable
mechanism previously designed and detailed in Chapter 2, clinically relevant distal radial
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deformities were replicated in a cadaveric model. The custom-built load cell developed
herein was inserted just proximal to the native ulnar head to measure the distal ulnar load.
The load cell has been designed to measure 6-DOF; however, for the current study the
output was reduced to more clinically relevant parameters of medial-lateral (M-L) force,
anterior-posterior (A-P) force and inferior-superior (I-S) axis torsion.

The specific

objective of this study was to develop an improved understanding of how varying degrees
of isolated and combined distal radius deformities, with and without TFCC injury, affect
the distal ulnar load using an in vitro cadaver-based model. It was hypothesized that
distal radial malpositioning will increase loading at the distal ulna, and that the loading
would be the lowest with the radius in its native orientation.

5.2

5.2.1

M ethods and M aterials
D esign

of an Instrumented I mplant

A load cell capable of measuring medial-lateral (M-L) force, anterior-posterior
(A-P) force and inferior-superior (I-S) axis torsion was required.

A major design

constraint was to ensure compactness, to minimally disrupt the soft tissue and bony
construct. A previous morphological review of the distal ulna (Gordon et al. 2002)
formed the basis of the geometry of the implant design (Figure 5.1, see Appendix B for
engineering drawings).
To position the load cell in the distal ulna, the implant was designed in a similar
fashion to the distal radial implant consisting of a distal component stem, proximal
component stem, a removable spacer and the load cell (Figure 5.IB). The implant has
both a spacer for specimen preparation and the instrumented load cell for testing. The
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spacer and load cell were designed similarly except that the spacer has a slightly smaller
diameter (6mm) than the instrumented load cell (8mm). The smaller diameter facilitated
maintaining an intact bone bridge during the insertion and cementing process, in the same
manner as the distal radial implant was secured.

The instrumented load cell has

identification markers for registration and a small groove for strain gauge wiring (Figure
B16). Figure 5.1 A illustrates the implant with the instrumented load cell.
The distal component was designed with a rectangular, notched (3mm x 4mm x
10mm in length) stem for cementing into the head of the ulna, while the opposite end
accepts the spacer and load cell (Figure B14).

Similarly, the proximal component

includes a square, notched end (3mm x 3mm x 15mm in length) and the reverse end has
provisions to accept the proximal end of the spacer or load cell (Figure B17). The stem
diameter was chosen to be an appropriate size to fit even the smallest specimens while
allowing for an adequate cement mantle and the notching is to assist with fixation and
minimize the likelihood of implant loosening.

154

B

k

P roxim al
_ C o m p o n en t
Stem

Figure 5.1 - Distal Ulnar Implant System
A photograph (A) and the three-dimensional exploded view (B) and
assembled view (C) o f the instrumented distal ulna load cell model. The
implant system is comprised o f four parts - the distal component stem, the
proximal component stem, the spacer and the load cell. For surgical
setup, a spacer was used (shown on the left in (B); however for testing
purposes this was removed and replaced with the instrumented load cell
(on the right in (Bf) and in the photograph (A).
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5.2.2

Strain G auge C ircuitry
Four,

shear

sensitive,

rosette

strain

gauges

(Model

#062TV,

Vishay

Intertechnology Inc., Malvern, PA, Figure E.7) were placed at 90° from one another
around the circumference of the load cell (Figure 5.2). Each rosette gauge was made up
of two strain elements, which were wired into independent quarter bridges. These eight
quarter bridges were combined into six axis-dependent strain values (see Appendix E,
equations E1-E6). All six strain values were then be calibrated to correlate to 6-DOF (i.e.
three force and three moments) from which the clinically relevant A-P force, M-L force
and I-S torsion are quantified.
The instrumented distal ulna load cell was calibrated with a custom designed
appliance (see Figure B11 and B12) referencing the Runciman et al. model (Runciman et
al. 1993) according to the Berme Calibration Technique (Berme et al. 1990).

This

calibration procedure involves applying 134 multi-axis loading scenarios (see Figure
E.5). These scenarios were generated from applying 22 compressive and tensile loads
along the long axis as well as, per side, 4 neutral readings and 8 locations subjected to 3
loads which applied shear and bending components (i.e. 24 conditions on each of the 4
surfaces around the circumference) (see Appendix E for further calibration details) of
known magnitude to the load cell and recording the strain outputs. A relationship
between the strain outputs and the applied loads was obtained in the fonn of a calibration
matrix. Calculating the calibration matrix involved rearranging and solving for

J

in the following equation:

] 6 Y/ 7

_

ij

] 6 .v6 X

(Equation. 5.1)
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where

R]

= the matrix form from the applied loads,

[s]

= the strain output matrix, and
= the calibration matrix.

Further details are provided in Appendix E.

Repeatability was quantified using the

coefficient of variation for five repeated trials. One test condition was executed five
times and duplicated later in the protocol to determine reproducibility. This was analyzed
by calculating the coefficient of variation across all 10 trials.
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Rosette Gauges
#1 & 2

Rosette Gauges
*3 & 4

Figure 5.2 - Instrumented Ulnar Load Cell
The load cell is shown above with reference scale (A). The four rosette
gauges were covered with silicone rubber for protection from fluids while
in situ. The digitized points corresponded to the volar surface o f the
implant, with gauge 1 and 2 aligned with the dorsal and volar orientations
o f the ulna, respectively. Similarly, gauge 3 was positioned on the left and
gauge 4 on the right for a right-handed specimen (B).
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5.2.3

S pecimen P reparation

and

S urgical P rocedures

Eight fresh frozen upper extremities (mean age 71 years, range 49 to 84 years; 6
male, 4 right) were utilized in this study; these were the same specimens as described in
Chapter 4. All were radiographed before testing to exclude specimens with arthritis or
previous fracture. The specimens were amputated mid humerus, and prepared for testing
using a forearm motion simulator which has been previously described (Dunning et al.
2001; Gordon et al. 2002). The distal radius was exposed through a volar approach. An
osteotomy was performed just proximal to the sigmoid notch and the 3-degree of freedom
modular implant designed to simulate distal radius deformities was secured to the distal
radius. This allowed for accurate adjustment of dorsal angulation and translation. This
surgical approach was previously described in Chapter 3.
The distal ulna was approached through a longitudinal incision on the
subcutaneous border, just proximal to the ulnar head. The interval between the extensor
and flexor carpi ulnaris tendons was developed to expose the ulna. Using a microsaggital
saw, a 16mm segment of the volar ulna was removed approximately 1.5 cm proximal to
the ulnar head to accommodate insertion of the load cell while preserving a bone bridge
on the dorsal side of the ulna. This ensured that the alignment of the native head with
respect to the proximal ulna was maintained both during and after load cell insertion.
The medullary canal and ulnar head were reamed and poly methylmethracrylate was
injected into the canals. The ulnar load cell was separated and the distal stem was
inserted into the ulnar head cavity and the proximal stem was inserted into the medullary
canal. Once in position, the spacer was reattached to the proximal and distal ends were
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held firmly in position until the cement had cured. The ulna bone bridge was then
divided (Figure 5.3).
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Figure 5.3 - The Implants In-Situ
Shown above is a right-handed specimen illustrating the positive sign
convention and the coordinate system employed. This is the same
coordinate system as detailed in Chapter 4. The left inset is a radiograph
o f a specimen demonstrating the distal ulna load cell and distal radius
modular implant in situ.
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Following surgery, the specimen was mounted in the forearm motion simulator,
the load cell spacer was removed and the instrumented load cell was installed. The
incisions were repaired and the specimens were kept moist using 0.9% normal saline
irrigation of the soft tissues, as well as by repeated closure of the skin during testing.
The relative muscle loading ratios for the pronator agonists (pronator teres and
pronator quadratus) were maintained at 56% and 44%, respectively and for the supinator
agonists (biceps brachii and supinator) were 67% and 33%, respectively (Gordon et al.
2003b). Muscle load magnitudes were automatically adjusted through the feedback loop
with the apportioning approach. The muscle forces required to simulate active supination
and pronation across all conditions of malalignment were quantified. Further details on
the specimen preparation and motion simulator are provided in Chapter 4.

5.2.4

Testing Procedure
Active pronation and supination motions were simulated in each of the specimens

while the elbow was flexed at 90° and kinematic data was recorded in this intact
configuration.

An electromagnetic tracking system (Flock of Birds®, Ascension

Technologies Corp, Virginia, USA) was employed to quantify the position of the radius
relative to the ulna.
This study consisted of two phases to examine the effects before and after
simulated soft tissue disruption of the DRUJ. All soft tissue stabilizers of the DRUJ were
intact in the first phase of the study while the effects of simulated distal radius
deformities were evaluated. The conditions of 0, 10, 20 and 30° of dorsal angulation
from the original palmar tilt; and 0, 5 and 10 mm of dorsal translation were evaluated
independently as well as in combinations of dorsal angulation with translation.
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The testing protocol was repeated after sectioning of the TFCC, to examine the
effects of a simulated ulnar sided ligament injury on load transfer of the distal radioulnar
joint which commonly occurs in association with distal radius deformities.

5.2.5

D ata C ollection

and

A nalysis

Following completion of testing, the joints were dissected and digitizations of
anatomical landmarks were performed relative to the transmitter of each bone to create a
clinically relevant joint coordinate system. Collection of kinematic data was conducted
using custom written software programmed in LabVIEW® 7.1 (National Instruments,
Austin, TX).

Data was collected simultaneously from the electromagnetic tracking

device and a customized in-line load cell attached to prime mover motors to measure
simulated muscle activity.

A data acquisition module (DAQ) (National Instruments

SCXI-1520, National Instruments, Austin TX, USA) located within the chassis (National
Instruments SCXI-1000) and equipped with two terminal blocks (National Instruments
SCXI-1314), was utilized to collect eight separate channels of voltage. This output was
collected using a data acquisition card (National Instruments PCI-MIO-16E-1 card). The
eight separate channels of voltage output were converted to the six channels of strain data
and then multiplied by the calibration matrix to obtain the forces and moments with
respect to the 3 axes. This data was then referenced to the ulnar coordinate system so that
the loading data was expressed as forces along or bending moments about the three
anatomical axes (Figure 5.4). The forces in the A-P and M-L directions measured at the
distal ulna were resolved into the resultant transverse distal ulna force, furthermore
referred to as the (distal) ulna force (or FULna )- Additionally torsion data, the moment
about the I-S axis of the ulna, was quantified.

In order to compare left and right
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specimens, left specimen data was negated to align with the right-handed coordinate
system.
forearm.

In a right-handed coordinate system, positive torsion tends to supinate the

164

Figure 5.4 - Coordinate System and Resultant Distal Ulna Force
Shown is the forces and moments detailed referenced to the ulnar
coordinate system (ulna subscript removed for clarity). The left inset is the
components o f force and the corresponding distal ulnar force (Fulna),
furthermore referred to as (distal) ulnar force.
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5.2.6

Statistical A nalysis
Statistical analysis was conducted using SPSS® vl7 software (SPSS Inc.,

Chicago, USA).

Simulated muscle loading, force and torsion were analyzed

independently using a two-way repeated measures analyses of variance (ANOVAs)
examining the factors of TFCC state and rotation.

Pronation and supination were

examined separately for simulated muscle loading using four-way repeated measures
ANOVAs, with Greenhouse Geisser correction. Analysis was conducted to determine if
differences exist in the dependent variable (magnitude of simulated muscle activity) as a
result of the factors of TFCC state, angulation, translation and rotation (independent
variables).
Ulnar force and torsion were also analyzed independently. In order to determine
if differences exist between pronation and supination trials for force and torsion, two-way
repeated measures analyses of variance (ANOVAs) were conducted examining the
factors of TFCC state and forearm motion. Four-way repeated measures analyses of
variance (ANOVAs), with Greenhouse Geisser correction, were used to determine if
there were differences in force or torsion (dependent variable) as a result of the factors of
TFCC state, angulation, translation and rotation (independent variables).

In order to

maintain all the specimens in the statistical analysis, the largest range of motion
achievable by all specimens was set as the overall boundaries so that all conditions could
be statistically compared. Therefore, rotation angles from 45° to 45° were collected for
supination motion and 45° supination to 30° pronation for pronation trials; at 15°
increments. A p value of less than 0.05 was considered to denote statistical significance.
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5.2,7

Units of M easurement
In accordance with the load cell calibration output of Newtons, the calibration

employed Newtons and millimeters. Therefore, the results for force are expressed in
Newtons (N) and moment in Newton-millimeters (Nmm).

5.3

R esults
All graphs and data presented herein are the mean values from the average of all

eight specimens.

5.3.1

Load C ell C alibration
The results from the linear calibration of the measured loads with the applied

loads calculated from the moment anus and masses yielded high correlation (R2 =0.93,
0.97, and 0.999 for force in the A-P and M-L axes, and torsion in the I-S axis,
respectively). The maximum coefficient of variance from the five repeated trials for both
pronation and supination was 1.2% for A-P force, 1.0% for M-L force and 5.3% for I-S
torsion. Similarly, the load cell was found to be reproducible to within 2.9% for A-P
force, 4.7% for M-L force and 2.1% for I-S torsion.

5.3.2

S imulated M uscle Loads with
N ative Position

the

Radius

in the

The magnitude of simulated muscle loading required to achieve the desired
forearm rotation for the radius in the native position is shown in Figure 5.5. The prime
mover loads varied across rotation (p=0.003 pronation, p=0.02 supination). Supination
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had maximum biceps loading at 15-30° degrees of supination, whereas for pronation the
pronator teres loading continued to increase throughout pronation.
Greater muscle loading was required to generate supination after the TFCC was
sectioned. This trend was not as straightforward in pronation, as the midrange of motion
exhibited the reverse; a greater force for intact motion than for sectioned. Although these
trends were observed, there was no significant difference in the magnitude of simulated
muscle loading following TFCC sectioning (p=0.5 for pronation and supination).

168

A
------- Pronator Teres
— — Pronator Teres
TFCC Sectioned
------- Pronator Quadratus
— — Pronator Quadratus
TFCC Sectioned
--------Biceps
------- Biceps
TFCC Sectioned

B
--------Biceps
------Biceps TFCC
Sectioned
--------Supinator
— — Supinator TFCC
Sectioned
--------Pronator Teres
--------Pronator Teres
TFCC Sectioned

Figure 5.5 - Muscle Loads with Simulated Forearm Rotation
Comparison o f the muscle loading for pronation (A) and supination (B)
for both intact and sectioned TFCC with the radius in the native position.
Standard deviations (SD) not shown for clarity. Supination ±1 SD for
supination was 16.0 and 32.6 N for biceps, 7.9 and 16.0 N for supinator
and 7.4 and 8.1 N for pronator teres, each for intact and sectioned TFCC,
respectively. Similarly, the maximum ±1 SD for pronation was 13.8 and
12.8 N for pronator teres, 10.8 and 10.0 N for pronator quadratus and 6.4
and 4.6 N for biceps, each for intact and sectioned ligaments, respectively.

169

5.3.3

U lnar Force and T orsion
N ative Position

with the

Radius

in the

There was greater ulnar force with the forearm in supination relative to pronation
(p=0.01) (Table 5.1, Figure 5.6A). Similarly, there was greater torque on the ulna when
the forearm was in supination compared to pronation (p=0.009) (Table 5.1, Figure 5.6B).
Although the distal ulnar force tended to decrease following sectioning the TFCC, this
was not statistically significant (p=0.6). However, the decrease in torque observed with
sectioning the TFCC was significant (p=0.03).
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Pronation
Pronated
SD
6.4
Pronation Trial
5.6
Supination Trial
5.9
5.8

Force (N)
Neutral
Neutral
SD
6.5
7.1
6.1
6.0

Supination
Supinated
SD
9.0
10.6
8.2
10.3

Pronation
Pronated
SD
Pronation Trial
-40.0
25.1
Supination Trial
-40.4
31.3

Torsion (Nmm)
Neutral
Neutral
SD
-50.0
38.0
-50.8
39.9

Supination
Supinated
SD
-66.3
50.7
-68.3
59.1

Table 5.1 - Ulnar Force and Torsion (±1 SD) Across Forearm Rotation
With the radius in the native position, loading at the distal ulna was found
to range between 5 to 9 N. Supination data is at 45° supination and
pronation at the 30° o f pronation. There was greater distal ulnar force
and torque with the forearm in supination relative to pronation (p=0.01,
p=0.009).
The ulnar force and torque declined following TFCC
sectioning (p=0.6, p=0.03).
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A

------ Intact
------ Sectioned

B

Figure 5.6 -Distal Ulnar Force and Torsion for an Intact and Sectioned TFCC
Ulnar force (A) and torsion (B) increases in supination relative to
pronation (p=0.01, p=0.009) for the native radius with and without
sectioning the TFCC. TFCC sectioning decreases the ulnar force and
torque (p=0.6, p=0.03). Bars indicate ± 1 SD.
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5.3.4

S imulated M uscle L oads with C olles ’
D eformities
The muscle loading requirements of the prime movers are markedly different

between pronation and supination (Figure 5.7 and Figure 5.8). The maximum biceps load
was slightly supinated from neutral (p=0.03), whereas for the pronator teres it was at the
extreme of pronation (p=0.004). Prime mover loading increased with greater distal radial
angulation for pronation (p=0.04) and translation for supination (p=0.03). The muscle
loading was not affected by ligament sectioning (p=0.9 for pronator teres in pronation,
p=0.4 for biceps in supination).
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A

— - Native
--------5DT
--------10DT
--------10DA

Force (N)

--------10DA+5DT
-------- 10DA+10DT
--------20DA
20D A +5D T
--------20D A +10D T
--------30DA
--------30D A +5D T
Supination

Pronation

30D A+10D T

— - Native
--------5DT
--------10DT
--------10DA

Force (N)

--------10DA+5DT
--------10DA+10DT
--------20DA
20DA+5DT
--------20DA+10DT
--------30DA
------- 30DA+5DT
30DA+10DT

Figure 5.7 - Pronator Teres Muscle Activity to Simulate Pronation
Simulated prime mover muscle activity for intact (A) and TFCC sectioned
(B) conditions. Pronator teres loading increased with greater distal radial
angulation (p=0.04). Ligament sectioning did not affect the muscle
activity (p=0.9). Maximum ±1 SD not shown for clarity was 22.6 and 16.2
N for pronator teres, 17.8 and 12.8 N for pronator quadratus and 6.4 and
10.4 N for biceps, each for intact and sectioned ligaments, respectively.

174
A

— - Native
--------5DT
--------ÎODT
--------10DA
--------10DA+5DT
--------10DA+10DT
--------20DA
20DA+5DT
--------20DA+10DT
--------30DA
--------30D A+5D T
30DA+10DT

B
— - Native
--------5DT
--------10DT
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Figure 5.8 - Biceps Muscle Activity to Simulate Supination
Simulated prime mover muscle activity for intact (A) and TFCC sectioned
(B) conditions. Biceps loading increased with greater distal radial
translation (p=0.03). Ligament sectioning did not affect the muscle
activity (p=0.4). Maximum ±1 SD not shown for clarity was 22.0 and 60.3
N for biceps, 10.9 and 30.0 N for supinator and 14.9 and 21.4 N for
pronator teres, each for intact and sectioned TFCC, respectively.
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5.3.5

D istal U lnar Force and T orsion
C olles ’ D eformities

with

Simulated

As the magnitude of dorsal translation (p=0.008, Figure 5.9) and angulation
(p=0.002, Figure 5.10) of the simulated Colles’ deformities increased ulnar force
increased, most evident in terminal pronation and supination. Combined angulation and
translation caused a greater ulnar force than either of the conditions in isolation (p=0.002)
(Figure 5.11).

Sectioning the TFCC resulted in a reduction in ulnar force for all

malunited conditions; however, this was not statistically significant (p=0.08) (Figure 5.12
-5.14).
There was an increase in torsion with increasing dorsal translation (p=0.001,
Figure 5.15) and angulation (p=0.002, Figure 5.16). There was greater torque when the
forearm was in the supinated position compared to the pronated position (p=0.005).
Similar to ulnar force, when the angulation and translation conditions were combined, a
larger torque was evident than with either of the conditions in isolation (p=0.03) (Figure
5.17). Sectioning the TFCC resulted in a reduction in DRUJ torsion (p=0.02).
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Figure 5.9 - Ulnar Forces for Translated Distal Radius Deformities, TFCC Intact
Comparison o f the anterior - posterior force (A), medial - lateral force
(B) and ulnar force (C) for translated Colies’ deformities only.
Translating the distal fragment increased ulnar force (p=0.008).
Standard deviations not shown for clarity, are provided in Appendix E.
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Figure 5.10 - Ulnar Forces for Angulated Distal Radius Deformities, TFCC Intact
Comparison o f the anterior - posterior (A), medial - lateral (B) and ulnar
force (C) for angled Codes’ deformities only. Angulating the distal
fragment increased distal ulnar force (p=0.002). Standard deviations not
shown for clarity are provided in Appendix E.
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Figure 5.11 - Ulnar Forces for all Simulated Colles’ Deformities, TFCC Intact
Comparison o f the anterior - posterior (A), medial - lateral (B) and ulnar
force (C) for all Colles’ deformities.
Combined angulation and
translation caused a greater distal ulnar force than the conditions in
isolation (p=0.002). Standard deviations not shown for clarity are
provided in Appendix E.
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Figure 5.12 - Ulnar Forces for Translated Distal Radius Deformities, TFCC
Sectioned
Comparison o f the anterior - posterior (A), medial - lateral (B) and ulnar
force (C) for translated Codes’ deformities only. Translating the distal
fragment increased ulnar force (p=0.008). Sectioning the TFCC resulted
in a reduction in ulnar force (p=0.08). Standard deviations not shown for
clarity are provided in Appendix E.

180
A

—

• • 0 D egrees

— * — 1 0 D egrees

— '—

2 0 D egrees

— •—

3 0 D egrees

B

—

* * 0 D egrees

— *—

10 D egrees

— <—

2 0 D egrees

— •—

3 0 D egrees

C
—

* - 0 D egrees

— * — 1 0 D egrees

— *—

2 0 D egrees

— •—

3 0 D egrees

Figure 5.13 - Ulnar Forces for Angulated Distal Radius Deformities, TFCC
Sectioned
Comparison o f the anterior - posterior (A), medial - lateral (B) and ulnar
force (C) for angled Colles ’ deformities only. Angulating the distal
fragment increased ulnar force (p=0.002). Sectioning the TFCC resulted
in a reduction in ulnar force (p=0.08). Standard deviations not shown for
clarity are provided in Appendix E.
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Figure 5.14 - Ulnar Forces for all Simulated Colles’ Deformities, TFCC Sectioned
Comparison o f the anterior - posterior (A), medial - lateral (B) and distal
ulnar force (C) for Colles’ deformities. Combined angulation and
translation caused a greater ulnar force than the conditions in isolation
(p=0.002). Sectioning the TFCC resulted in a reduction in ulnar force
(p=0.08). Standard deviations not shown for clarity are provided in
Appendix E.
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Figure 5.15 -Torsion for Translated Distal Radius Deformities with and without a
Sectioned TFCC
There was an increase in torsion with increasing dorsal translation
(p=0.001). Intact TFCC ligaments (A) had a greater torsion on the ulna
than when the ligaments were sectioned (B) (p=0.02). Standard deviations
not shown for clarity are provided in Appendix E.
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Figure 5.16 -Torsion for Angulated Distal Radius Deformities with and without a
Sectioned TFCC
There was an increase in torsion with increasing dorsal angulation
(p=0.002). Intact TFCC ligaments (A) had a greater torsion on the ulna
than when the ligaments were sectioned (B) (p=0.02). Standard deviations
not shown for clarity are provided in Appendix E.

184

—

* - N e u tra l

— * —

5 DT

Torsion (N mm)

— ■ — 10 err
— * —

1 0 DA

— *—

10 D A + 5 D T

— *—

10 D A + 10 D T

----- 1------2 0 D A
20D A +5D T
------------ 2 0 D A + 1 0 D T
— ♦ —

30D A

— ■ —

30D A +5D T
3 0 D A + 10 D T

Torsion (N mm)

—

- - N e u tra l

— * —

5 DT

— ■ —

10 D T

— * —

10 D A

— *—

10 D A + 5 D T

— * —

10 D A + 10 D T

------1------2 0 D A
20D A+5D T
------------ 2 0 D A + 1 0 D T
— ♦ —
—

3 0 DA
3 0DA+5 DT
3 0 D A + 10 D T

Pronation <—> Supination

Figure 5.17 -Torsion for all Simulated Colles’ Deformities with and without a
Sectioned TFCC
Comparison o f the required torque for Colies’ deformities with intact (A)
and sectioned (B) TFCC. Combining the angulation and translation a
larger torque was evident than with either o f the conditions in isolation
(p=0.03). Sectioning the TFCC resulted in a reduction in torsion on the
ulna (p=0.02). Standard deviations not shown for clarity are provided in
Appendix E.
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5.4

D is c u s s io n
An important function of the distal radioulnar joint is load transmission (Shaaban

et al. 2004). Hence, accurate measurement of load transfer at the DRUJ is vital to the
success of this study design. The overall performance of the instrumented distal ulna
implant in this study was found to be very acceptable. The maximum coefficient of
variance was 5.3% from five repeated trials, indicating reasonable repeatability. Results
from the linear fit calibration of the measured loads with the expected loads yielded high
correlation for the A-P and M-L force and I-S torsion. The implant was minimally
invasive, as the inline nature of the implant allowed for maintaining the native ulnar head.
No loosening of the load cell was observed in any of the specimens, and the bending
moments and forces were within the testing range.
The magnitude of joint load through the distal ulna with the distal radius in the
native position was found to range between 5.9 ± 5.8 N and 9.0 ± 10.6 N, and the torsion
values were between 40.0 ± 24.1 Nmm and 68.3 ± 59.1 Nmm, similar to previously
reported studies (Shaaban et al. 2004; Gordon et al. 2005). In contrast to the current
study, the study by Shaaban et al. did not employ active muscle control, rather applied an
axial load of 49 - 98N and found joint loading in the order of 2-6N (Shaaban et al. 2004).
Only one biomechanical study has examined the joint loading at the DRUJ with an
instrumented ulnar head (Gordon et al. 2005). They also employed motion-controlled
muscle control as did we; however, they used pneumatic actuators to achieve this motion
whereas the current study used servo motors for displacement control. Although the
pneumatic actuators contained an internal linear resistive transducer that provided
displacement control, this is not as sensitive or accurate as the servo motors used in the
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current study. Furthermore they used an instrumented implant stem, and although the
ulnar head implant load was found to range between 2-8N, it is not representative of the
native ulnar head. Despite differences in testing methodologies, the values reported in
this study are in general agreement overall.
It was shown in a previous biomechanical study that the relative muscle loading
ratios do not markedly affect the kinematics and stability of the intact DRUJ (Gordon et
al. 2003b). These investigators also reported that the simulated muscle activity employed
to generate forearm rotation did not affect joint load magnitudes, further substantiating
their conclusion that the primary factor in determining the load at the ulnar head is the
position within the sigmoid notch (Gordon et al. 2006). In their study, as in ours, the
force and moment data was not affected by the type of motion (i.e. pronation or
supination); rather, the outcome was dependent on the position of the forearm in rotation.
In the current study, the highest magnitudes of loads at the ulna were measured when the
forearm was supinated.

This finding is in agreement with two previous studies

examining load transfer at the DRUJ (Shaaban et al. 2004; Gordon et al. 2005). Our
findings agree with this due to two factors, first there was no difference in loading
whether the motion was a pronated or supinated trial; however, the muscle loading is
drastically different for these motions.

We also found that while simulated muscle

activity in pronation increased with angulation deformities whereas the supination
activity significantly increased with deviations in translation; these were reflected in the
loads quantified at the distal ulna. Secondly, sectioning the ligaments decreased the
amount of joint loading; however, there no effect of sectioning in the simulated muscle
loads for pronation or supination.
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The current study is the first of its kind to examine the effects of distal radial
malpositioning on load transfer at the distal ulna. Perhaps not unexpected, this study
showed that, in a simulated cadaver model malalignment of the distal radius, that
increased torque and force were measured at the distal ulna with increasing
malpositioning of the distal radius.

Disruption of the normal distal radial anatomy

resulted in a greater resistance to rotation and subsequently greater muscle activity was
required to achieve this motion. Although Schuind et al. demonstrated that there is some
natural laxity in the TFCC, and that it is in tension only at the extremes of rotation
(Schuind et al. 1991), the results of this study support Adams’ concept that displaced
fractures and malunions of the radius alter the configuration of the TFCC causing
increased tissue tension (Adams 1993b). A variety of studies have been conducted to
examine the kinematic effects of a malunion after Colies’ fractures (Adams 1993b;
Kihara et al. 1996; Bronstein et al. 1997; Crisco et al. 2007) but only a single report
quantifies how this altered orientation influences the force in the joint (Hirahara et al.
2003). The in vitro biomechanical study by Hirahara et al. examined the effects of
dorsally angulated fractures and found an increased torque resistance with increasing
degrees of distal radius malalignment, significant at 30° dorsal angulation. Our findings
are in general agreement; however, we found that increasing dorsal angulation and
translation results in a progressive increase of force and torsion at the distal ulna. We
also observed that combined radial angulation and translation resulted in greater ulnar
force and torque than isolated deformities.

As noted in Chapter 4, a Colles’

malalignment results in a volar and radial shift of the radius relative to its native position
due to the tethering effects of the DRUJ ligaments and the interosseous membrane, which
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is more pronounced in pronation and neutral rotation respectively. The additional tension
in the TFCC increased the loading at the distal ulna. As stated above, with the radius in
the native position, there is a posteriorly directed force when in pronation from the dorsal
margin of the sigmoid notch, since the radius shifts anteriorly; this increases the
magnitude of this posterior force. Since the radius shifts to a lesser degree dorsally in
supination with a Colles’ malalignment, there is less of an increase in the anterior force.
Thus, Colles’ deformities cause an increase in joint loading that is maximal in the
extremes of rotation. The magnitude of DRUJ force in this study increased to 165% of
the native load with the most aggressive deformity. We speculate that this attempt to
maintain joint integrity, which causes increased loading at the distal ulna, may be why
patients commonly complain of pain in the setting of healed angulated and translated
fractures of the distal radius.
Our findings indicated that distal ulnar force increased progressively with the
magnitude of Colles’ deformity (Figure 5.18). There are a variety of biomechanical
reasons for the relationship. Radial shortening, as a consequence of dorsal angulation or
in isolation, effectively increases the ulnar variance. Werner et al. reported lengthening
the ulna by 2.5mm in the intact wrist increased the force borne by the ulna by over two
times the native condition (Werner et al. 1986). Another study by the same group found
that radial shortening lowers the force transmission to the distal ulna (Werner et al. 1992).
Radial shortening has also been shown to cause increased tension in the TFCC (Adams
1993b) whereas dorsal angulation and dorsal translation cause an interosseous membrane
tightness (Kihara et al. 1996) and dorsal radioulnar ligament strain (Crisco et al. 1998).
As above, Colles’ malalignment increased the load by 165% of the native condition and
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sectioning the ligaments decreased the load to only 60% of the native condition. As such,
the previously identified studies support our findings that the biomechanics of the DRUJ
can be altered with relatively small changes in native osseous and ligamentous
disruptions. However, our study was able to examine multiple single and multi-planar
malalignment simultaneously.

190

A

B

«
£

S
IB

S
3

Figure 5.18 - Distal Radial Malalignment and Effect on Distal Ulnar Force
The relationship between the deformity o f the distal radius and the ulnar
force for intact (A) and sectioned ligaments (B) at neutral rotation.
Maximum standard deviation across all conditions was 8.8 N (intact) 6.3
N (sectioned).
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There was a 60% decrease in distal ulnar force and a 35% decrease in torsion after
sectioning the TFCC. Most investigators agree that the TFCC is the primary stabilizer of
the distal radioulnar joint (Bowers 1991; Kihara et al. 1996; Lawler et al. 2007);
therefore, it is not surprising with the TFCC sectioned, a decrease in forces and moments
are recorded in the distal ulna and there is less of an effect of malpositioning on loads.
With the TFCC intact, two forces are registered at the load cell: DRUJ contact force and
tension in the TFCC. When the TFCC is sectioned, this one component of force is
removed causing a decrease in the load at the distal ulna. With the radius in the native
position, the axis of forearm rotation passes through the fovea of the ulnar head, the site
of attachment of the TFC (King et al. 1986a). The TFC stabilizes the DRUJ throughout
the arc of forearm motion without significant distortion of the TFC anatomy or resistance
to motion due to its relatively isometric attachment.

However, with a simulated

malalignment, the distal radial anatomy changes the relative position of the radius with
respect to the ulna. This lengthens and strains the TFCC as exhibited by the increased
loading observed at the distal ulna. Sectioning the TFCC simulates ligament rupture or a
basal ulnar styloid fracture such as commonly occurs clinically in patients with distal
radial fractures. This releases the constraining effect of the TFCC on the DRUJ and the
radius is able to rotate more freely on the ulna. Removing this element of joint tension
causes a reduction in joint loading.
There are some limitations of this study, first is that we performed all of our testing
with the elbow at ninety degrees of flexion.

Previous studies (Markolf et al. 1998;

Markolf et al. 2000; Shepard et al. 2001a; Shepard et al. 2001b) have shown load-sharing
at the wrist depends on the varus-valgus position of the elbow. However, while we did
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constrain the elbow at 90° of flexion it was free to move in varus and valgus. Secondly,
the load cell also measures TFCC tension and, as such, this model did not directly
measure the individual effects of TFCC tension and articular loading on the distal ulna.
Total load at the distal ulna was recorded and specific contributing components could not
be isolated. To measure loading directly at the joint in the experimental setting with
maintaining the articular surfaces, it would be necessary to interpose a pressure sensitive
film. While this has been employed with some success in static applications (Rajaai et al.
1996; Shaaban et al. 2004; Nishiwaki et al. 2008), the invasiveness and challenges with
placement and maintenance of position while testing throughout the complex protocol
would be a major challenge. Despite the limitations of the load cell used in the current
study, the data does provide a valid tool for comparative measurements across the radial
deformities assessed.
In addition to the forgoing, this study includes all shortcomings associated with in
vitro biomechanical testing with elderly specimens, including the simulation of forearm
rotation with muscle loading ratios and the uncertainty of applying our results to younger
populations. A greater range of motion would be desirable to evaluate the joint loading at
the physiological extremes of rotation, but this was not achievable due to conservative
muscle loading protocols in order to maintain tendon integrity throughout testing.
To our knowledge, this is the first study that has employed simulated forearm
rotation in vitro and an inline load cell for quantifying load through the distal ulna with a
native ulnar head. Additionally, this is the first study of its kind to examine changes in
loading as a result of distal radial fragment malpositioning with simulated Colles’ type
deformities. We successfully quantified load transfer at the distal ulna with the radius in
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the native position and following simulated Codes’ deformities. This will help provide an
improved understanding of the causes of pain with distal radial deformities and provide
clearer indications for surgical treatment. This study advances previous research that
examined single plane Codes’ deformities and was able to further understand the effects
of complex, multi-fragmented deformities on distal ulnar force and torsion. Limited
pronation and supination, which was observed in Chapter 3, are caused by the lack of
congruency at the DRUJ, observed in Chapter 4, and this chapter shows how this is
manifested by a progressive increase in force and torque in the distal ulna. Furthermore,
the simulated muscle activity did not correlate with the loads at the ulna suggesting it is
the articular congruity and increased tension in the TFCC that is responsible for much of
the loading in the distal ulna.
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Chapter 6 - Colles’ Malalignment: Correlating Distal Radial
Joint Load and Congruency
O

v e r v ie w

The purpose o f this work was to examine the relationships between the
previously reported outcome measures o f distal radioulnar joint (DRUJ)
congruency (Chapter 4) and load transfer (Chapter 5).

6.1

I n t r o d u c t io n
Forearm rotation and distal radioulnar joint (DRUJ) stability depend on the

normal osseous alignment of the forearm, the soft tissue stabilizers, and muscle activity.
As a consequence, injuries to any of these structures result in pain, limited range of
motion, instability and are a significant cause of patient disability. Distal radius fractures
are one of the most common fractures in adults and the resulting DRUJ incongruity from
residual distal radial deformities and instability is a major cause of disability. Clinical
studies have been unable to define the pattern and magnitude of residual osseous
deformity than can be accepted and still provide for a satisfactory functional outcome.
Most fractures have combinations of shortening, dorsal angulation and dorsal translation
of the distal radial fragment which makes diagnosing and correcting the most disruptive
feature difficult. Previous studies have implicated radial length (Lidstrom 1959; Older et
al. 1965; Jupiter et al. 1988; Palmer et al. 1988; Hollevoet et al. 2003) while others have
reported dorsal angulation (Ambrose et al. 1988; Tsukazaki et al. 1993) as the most
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common cause of residual symptoms. Despite that, the relationship between the specific
features of the anatomic deformity and the clinical symptoms is not clear (Adams 1993b).
Excessive or abnormal loading at the ulna as a result of abnormal joint congruity may be
an important cause of residual pain; however, the relationship between residual distal
radial malalignment, joint congruity and force has not yet been established.
In light of the foregoing, this analysis evaluated the relationship between the loads
at the distal ulna and the DRUJ congruency with simulated Colles’ deformities
throughout forearm rotation.

We hypothesized that incongruency at the DRUJ will

increase distal ulnar loading.

6.2

A n a l y s is T e c h n iq u e s
A correlation analysis was conducted from the data provided in Chapters 4 and 5.

Chapter 4 assessed the joint congruity of the radius relative to the ulna after conditions of
Colles’ deformity and Chapter 5 quantified the force and torsion at the distal ulna for the
same conditions. The kinematic data in Chapter 4 was expressed in terms of radial
shortening, diastasis and dorsal-volar translation. However, to simplify comparisons for
this analysis, the independent measures of DRUJ congruency were resolved and analyzed
in terms of the radius’ three-dimensional resultant displacement of the distal radius
position from native.
In Chapter 5 we employed a right-handed coordinate system, and as such, positive
torsion tends to supinate the forearm.

However, the data showed that there was an

increasing negative torsion (i.e. increasing torsion tending to pronate the forearm). For
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the following correlation, these values were negated to produce a left-handed coordinate
system so that torsion could be more intuitively observed to be positive when increasing.
Average values from the eight specimens for distal ulnar force and kinematics
were analyzed in order to determine if systematic changes were present across all
conditions (deformity and forearm position) of both dependent variables.

6.2.1

Statistical A nalysis
Statistical analysis employed SPSS® vl7 software (SPSS Inc., Chicago, USA).

Bivariate linear regression with a Pearson correlation coefficient was used to measure the
strength of association between distal ulnar force and kinematics. Supination data was
analyzed for the forearm range of motion of 45° pronation to 45° supination. Intact
ligament data was analyzed independent from sectioned ligament data. Correlations were
deemed significant at the p=0.05 level (2-tailed).
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6.3

R e su l t s
In order to further reduce the data and display a single relationship between distal

ulnar load and the single measure of DRUJ congruency, (which is the three-dimensional
resultant displacement of the distal radius position from native), the correlation between
distal ulnar force and torsion was evaluated. At all positions of rotation and across all
deformities a positive linear correlation existed between distal ulnar force and torsion of
the ulna for both intact (r = 0.85, p<0.01; Figure 6.1A) sectioned (r = 0.81, p<0.01;
Figure 6.IB) TFCC ligaments.
In the intact forearm, there was a significant positive correlation between the
three-dimensional resultant displacement of the distal radius position relative to the
native radius and distal ulnar force (r = 0.79, p<0.01) (Figure 6.2A). Although a similar
positive correlation exists for the condition when the ligaments are sectioned, this did not
reach statistical significance (r = 0.2, p=0.051) (Figure 6.2B).
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A

Figure 6.1 - Correlation Between the Force and Torsion at the Distal Ulna
A plot o f the mean distal ulna force and mean torsion for every position o f
forearm rotation and all deformities. A positive correlation exists for both
the intact (A) and sectioned TFCC ligaments (B) (r = 0.85, p<0.01, intact
andr = 0.81, p<0.01, sectioned).
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Figure 6.2 - Correlation Between the 3D Resultant Displacement of the Distal
Radius Position and Distal Ulnar Force
A plot o f the 3D resultant displacement o f the distal radius fragment from
native and corresponding distal ulnar force. The average values across
all positions o f forearm rotation and every deformity are shown. A
positive correlation exists for the intact (A, r = 0.79, p<0.01) and
sectioned ligaments (B, r = 0.2, p=0.051).
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6.4

D is c u ssio n
Malalignment of the distal radius are frequently combinations of radial

shortening, dorsal tilt and dorsal translation. There have been numerous attempts to
isolate the effects of each feature on the various mechanical functions of the forearm in
order to attempt to define the parameters of acceptable distal radial alignment. Adams in
his study concluded that it appears unlikely that a particular feature of distal radial
deformity will be identified as consistent and primary cause of symptoms in all patients,
or perhaps even a majority of patients (Adams 1993b). This cadaveric study was able to
examine each plane of deformity independently in order to help assess the significance of
each parameter and to examine important outcome variables including kinematics and
joint loads.
The strong correlation observed in the current analysis suggests that it is the
resultant three-dimensional displacement of the radius relative to the native position that
is important in increasing distal ulnar loading.

Therefore, we should not focus our

attention on isolating a particular feature or direction of the distal radial fragment
malposition when deciding to proceed with fracture reduction or osteotomy.

It is

speculated that alterations in distal ulnar loading and DRUJ kinematics plays an
important role in the long-term clinical outcome of patients with distal radial defonnities.
In clinical reviews regarding complications of distal radius fractures, patients with
a malunited distal radius often complain of limited forearm rotation, instability and pain
(Cooney et al. 1980; Porter et al. 1987).

Biomechanically, we have been able to

demonstrate the loss of rotation (Chapter 3) and disruption of native kinematics and
stability (Chapter 4).

However the following question remains: What might be the
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etiology for the patients’ radio-ulnar pain? Although pain can be somewhat subjective,
we speculate that this may be ultimately due to alterations in the patterns and magnitude
of joint loading.

Tsukazaki et al. in their clinical study found that ulnar wrist pain

following Colles’ fracture was correlated with incongruity of the distal radioulnar joint
(Tsukazaki et al. 1993). Moore et al. in their in vivo study did not quantify a change in
3D DRUJ kinematics with malalignment, but speculated that distal radius deformities
could have increased the tension in the radioulnar ligaments or shifted the location and
pressure of the bony contact at the distal radioulnar articulation. They suggested that
either of these could be a contributing factor in causing persistent pain. They also stated
that correction of bony deformity benefits many patients who suffer from residual pain
(Moore et al. 2002). In an in vivo study, Crisco found that joint interbone space area at
the DRUJ was significantly smaller and located more proximally in wrists of patients
with malunited distal radius fractures (Crisco et al. 2007). Other unpublished data from
their group showed a strong correlation between joint space area and cartilage contact
area. Therefore, they could make the link that the changes they found in distal radial
deformities led to a reduction in DRUJ contact area and increased dorsal radioulnar
ligament length throughout pronation and supination, which they speculated could
ultimately affect the clinical outcome.
The contact area and force transmission across the distal radioulnar joint (DRUJ)
are also known to differ throughout the arc of forearm rotation (Ishii et al. 1998; Shaaban
et al. 2007). This is due to the combined translation and rotation of the DRUJ that
normally occurs with forearm rotation. The contact area was found to be the least at the
extremes of pronation and gradually increase as the forearm moved from pronation to
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supination with the maximum at mid-supination (Shaaban et al. 2007). It could be also
speculated that the radio-ulnar pain may be linked not only to increased force but also to
increased stress on the radius and ulna at the articulation. If the contact area of the DRUJ
decreases with Codes’ deformities (Crisco et al. 2007) then the force over which this area
is applied (i.e. stress) will increase. The pattern of joint contact observed by Shaaban
follows a similar pattern of force transmission observed across the DRUJ by the same
author and our current study (Shaaban et al. 2004; Shaaban et al. 2007). Our findings in
Chapter 5 also agree with a biomechanical study by Short et al. which showed that dorsal
tilt of the distal radius shifts axial loading through the wrist dorsally and ulnarly (Short et
al. 1987). Short el al. also noted that as the severity of dorsal angulation increased, the
pressure distribution on the ulnar and radial articular surface changed in position and
became more concentrated. Although we did not directly measure the joint contact area,
it can be speculated that all three degrees of freedom would impact the native contact
area. A separation of the radius from the ulna (i.e. diastasis), dorsal - volar translation
and radial shortening could reduce this area. As quantified in Chapter 4 and shown
visually with the CT images herein (Figure 6.3 and Figure 6.4 ), there was a greater
amount of DRUJ incongruity with increasing dorsal translation and angulation of the
distal radius. These changes in contact area would subsequently give rise to elevated
articular stress, and perhaps is the etiology for the pain that is so commonly observed
clinically.
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30° Pronation

15° Pronation

Neutral

15° Supination

30° Supination

45° Supination

Figure 6.3 - Visualization of the Effect of Distal Radial Translation on DRUJ Congruency
Transverse CT view o f the radius and ulna at the DRUJ for one specimen with the TFCC intact. Position o f the distal
radial fragment relative to the ulna for native (A) 5mm (B) and 10mm (C) dorsal translation are shown with an intact
TFCC. The changes in kinematics and articular congruency are best seen visually with greater dorsal fragment
translation and at the extremes o f forearm rotation. Note that the magnitude o f rotation o f the radius about the ulna
decreased as the fragment deformity increased.
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30° Pronation

15° Pronation

15° Supination

30° Supination

45° Supination

R

C

n
Figure 6.4 - Visualization of the Effect of Distal Radius Angulation on Joint Congruency
Transverse CT view o f the radius and ulna at the DRVJ for one specimen with the TFCC intact. Position o f the distal
radial fragment relative to the ulna for native (A) 10 degrees (B), 20 degrees (C) and 30 degrees (D) dorsal angulation
are shown with an intact TFCC at the level o f the DRUJ. The changes in kinematics and articular congruency are best
seen visually with greater dorsal fragment angulation and at the extremes o f forearm rotation. Note that the magnitude
o f rotation o f the radius about the ulna decreased as the fragment deformity increased.
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The relationship between residual distal radial deformity, DRUJ congruity and
distal ulnar force has been established. The DRUJ inherently has relatively minimal
osseous congruity and osseous and ligamentous injuries often manifest clinically as
DRUJ instability. The interaction of the articular surfaces is also responsible for a loss of
motion, so commonly seen (also demonstrated in Chapter 3) following deformities of the
distal radius. This mechanical restriction of the joint, unable to overcome a physical
limitation is sometimes referred to as ‘DRUJ lock’. This phenomenon was observed in
vitro by the reduction in motion (study in Chapter 3) or by the increase in joint load
required to achieving motion (study in Chapters 4 and 5). This increase in force required
to generate forearm motion may exceed the pain tolerance of patients in a clinical setting
and, thus contribute to DRUJ lock. Excessive or abnormal DRUJ loading as a result of
abnormal DRUJ congruity may be the fundamental cause of residual pain observed
clinically.
The main limitation to this work is that in vitro biomechanical studies have
inherent limitations and a direct relationship of these findings to patient symptoms is not
plausible. While limitations of in vitro testing may always be present, it does allow
researchers to evaluate many of the conditions systematically to ultimately lead to a
better understanding of patient outcomes.
We are not aware of any previously reported biomechanical studies that have
investigated the relationship between kinematic (i.e. rigid motion) and kinetic (/.<?. load)
changes that ensue from malunited Colies’ fractures.

We have demonstrated a

progressive deterioration in distal ulnar loading and kinematics as the magnitude of
Colles’ deformity increases. A threshold to maintain acceptable DRUJ function was not
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identified.

Instead, we have shown that there is a progressive degradation of joint

congruity, which correlates to an increase in distal ulnar load. Increasing the severity of
the distal radial malalignment has a direct relationship to altered kinematics at the DRUJ,
which consequently leads to elevated loads at the ulna. It is important for clinicians to
carefully evaluate radiographs of the distal radius such that the total three-dimensional
displacement of a deformity is determined to better understand the effect on ulnar load.
The clinician should be particularly aware of the potentiating effect of combinations of
distal radial deformities when deciding whether surgery is warranted when managing
distal radial fractures and malalignment.
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Chapter 7 - General Discussion and Future Directions
O verview

In this chapter, the objectives and hypotheses outlined in Chapter 1 are
revisited, and the research pursued to fulfill these objectives is
summarized. The strengths and limitations o f this work are discussed, and
areas o f future research are highlighted.

7.1

Sum m ary
Considerable attention has been focused on the management of distal radius

fractures, in particular Colies’ fractures, due to their high incidence clinically. The goal
of treating distal radius fractures is to obtain functional pain-free motion, allowing a
return to activities, while minimizing the risk for future degenerative changes or
disability (Ilyas et al. 2007).

The literature is contradictory on the indications for

operative and nonoperative management, thus fostering much interest and debate. The
magnitude of distal radial malalignment that is acceptable for an adequate clinical
outcome after a Colles’ type distal radial fracture has not been defined. There is a need
for a clearer understanding of the clinical and biomechanical consequences of osseous
and soft-tissue injuries of the wrist, in relation to distal radius malalignment. Hence, the
overall purpose of this thesis was to extend our understanding of the biomechanics of the
distal radioulnar joint (DRUJ) in the setting of a distal radius malalignment. With that in
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mind, this work was undertaken to develop a method to simulate distal radius deformities
in vitro and evaluate their effect on the magnitude of forearm rotation, DRUJ congruity
and distal ulnar load.
The first component of this research involved designing a three-degree of freedom
implant for the distal radius in order to simulate distal radius malalignment for in vitro
testing (i.e. Objective #1, Chapter 2). The specific goal was to develop an adjustable
implant that allowed for insertion with minimal soft tissue disruption and rigid fixation to
the radius. The morphology of the distal radius was evaluated and the size and shape of a
commonly used distal radial fixation plate (Volar Distal Radius Plate, Synthes North
America, West Chester, PA) was utilized, to assist in the implant design. This modular
implant was developed for interposition into the distal radius to replicate Codes’ types of
extra-articular distal radial deformities, specifically dorsal angulation, dorsal translation
and radial shortening, both as isolated deformities and in combination with one another.
A rigid stainless steel adjustable mechanism was designed and fabricated to allow
common deformities to be accurately and reproducibly created, facilitating a controlled
setting to examine the effects of these changes on DRUJ biomechanics in a cadaveric
model. Subsequently, trial tests of the implant design were conducted to determine the
effectiveness of the implant prior to testing in a full series of specimens. The efficacy of
the implant system was evaluated and found to be acceptable for: (1) its ability to be
surgically inserted; (2) ease of use and (3) repeatable and reproducible joint motion, using
an upper extremity joint simulator {i.e. Hypothesis #1 accepted).
This apparatus was then used to investigate the effect of distal radial deformities
on forearm range of motion with and without a simulated ligament injury of the DRUJ
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(i.e. Objective #2, Chapter 3).

A series of eight specimens were studied with both

isolated and combined deformities of 0, 10, 20 and 30° of dorsal angulation from the
original palmar tilt; 0.0, 2.5, 5.0 and 7.5 mm of radial shortening; and 0.0, 5.0 and 10.0
mm of dorsal translation. These specimens were mounted in the upper extremity joint
testing system with computer-controlled pneumatic actuators to simulate forearm
rotation. An electromagnetic tracking system was employed to quantify motion with
receivers fixed to the radius and ulna in six-degrees of freedom. Kinematic data was
transformed into clinically relevant anatomic coordinate systems by digitizing
appropriate osseous landmarks.

This study showed a loss of forearm rotation, most

notably pronation, as a consequence of increasing dorsal angulation, dorsal translation
and radial shortening when subjected to a pre-defined 60N force cutoff via simulated
prime mover muscle loading. Combined deformities resulted in an increase in motion
impairment relative to single plane malalignment.

Sectioning the TFCC, a major

ligamentous stabilizer of the DRUJ, eliminated any significant loss in rotation with distal
radial malalignment (i.e. Hypothesis # 2 accepted). This restoration of forearm rotation
was attributed to the fact that a rupture of the TFCC (commonly occurring in association
with distal radial fractures) releases the tethering affect of distal radial deformities on
DRUJ function; however, at a cost of joint stability.
The next study focused on evaluating the effect of dorsally translated and/or
dorsally angulated distal radius deformity on DRUJ congruity (i.e. Objective #3, Chapter
4). In a similar fashion to Objective #2, a series of eight specimens were tested in the
upper extremity motion simulator with the distal radial implant.

In an effort to

continually improve simulated motion control, our laboratory transitioned to controlling
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the prime mover muscles with servo motors as this yielded a more fluid and clinically
relevant forearm rotation. The relative motion of the radius with respect to the ulna at the
DRUJ articulation was normalized to the native anatomy of each specimen.

The

relationship of the radius to the ulna was quantified with both isolated and combined
dorsally angulated and translated distal radius deformities with an intact and sectioned
TFCC.

The kinematic outcomes of dorsal - volar translation and radial diastasis

showcased the effects of distal radial malalignment in a more clinical, joint localized, and
easily interpreted manner. This study indicated that a significant shift in DRUJ dorsal
volar translation, diastasis and radial shortening can be expected with deformities of the
distal radius, and that there is a progressive disruption at the joint as the magnitude of
dorsal translation and dorsal translation increased. Combined deformities had an even
greater effect.

Severely displaced fractures and malalignment associated with DRUJ

instability likely disrupt the TFCC due to the additional joint laxity noted with motion
(i.e. Hypothesis #3 accepted). A definitive threshold in distal radial deformity could not
be identified, rather DRUJ incongruity is progressive with increasing distal radial
deformities and are most notable at the extremes of rotation. This emphasizes the clinical
importance of a good reduction for acute fractures and a corrective osteotomy in the
setting of malalignment to restore joint congruency.
The final testing phase of this work embarked upon the design and use of a load
cell to quantify loading in the distal ulna (i.e. Objective #4, Chapter 5). This load cell
was capable of measuring 6-DOF loads; however, the data was reduced to focus on the
clinically relevant measures of anterior-posterior and medial-lateral force as well as
inferior-superior torsion. The distal ulnar load ranged between 6 and 9N with the distal
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radius in the anatomic position and increased up to 165% greater than the native loading
with the most aggressive malaligned distal radial deformity.

Similarly, the torsion

moment with the distal radius in the anatomic position was 40 to 68 Nmm and increased
up to 30% with the largest distal radius deformity. Both dorsal translation and dorsal
angulation were shown to have important effects on distal ulnar loading; combined
deformities were even more provocative.

Sectioning the TFCC resulted in a 60%

decrease in distal ulnar force and a 35% decrease in torsion moment. Joint force and
torque increased progressively with the severity of Colles’ malalignment (i.e. Hypothesis
#4 accepted), and sectioning the TFCC decreased the load at the distal ulna.
With an understanding of the effects of Colles’ malalignments on DRUJ
congruency and distal ulnar load, the relationship between these two dependent variables
was explored (i.e. Objective #5, Chapter 6). In order to reduce the data and display a
single relationship between load and kinematics, the relationship between DRUJ force
and torsion moment was first evaluated. Using bivariate linear regression, the average
values from the eight specimens for distal ulnar force and torsion were highly correlated
with both an intact and sectioned TFCC. The next step was to correlate the distal ulnar
force with the joint kinematics. Data were analyzed in order to determine if systematic
changes were present across all deformity conditions and positions of forearm rotation for
both dependent variables. Previously, the kinematic data was expressed in accordance
with clinically relevant anatomical axes; however, for this analysis, the kinematic data
was resolved into a single value for three-dimensional displacement. With ligaments
intact, there was a significant positive correlation between the three-dimensional distal
radial fragment position relative to the native radius and distal ulnar force but there was
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no correlation with sectioned ligaments (i.e. Hypothesis #5 accepted). As such, in order
to properly assess the effect of a distal radial malalignment on patient care, it is important
for clinicians to carefully analyze radiographs so that the total three-dimensional
displacement of a deformity is identified.

7.2

St r e n g t h s

and

L im it a t io n s

A thorough analysis of the biomechanics of the DRUJ as it relates to Colles’ type
distal radius malalignment has been completed. A major success of this treatise was the
development of the distal radial implant and the effective implementation of an
interposed load cell in the distal ulna while preserving the natural joint. The success of
these depended on a number of factors including achieving adequate fixation of the small
implants, maintaining the native osseous alignment and articulation during implant
insertion, fixation of the strain gauge circuitry in the in vitro environment, and
minimizing invasiveness in order to produce an environment that was as close to native
as possible. This work represents the first study to quantify the biomechanics of the
distal radioulnar joint with a malaligned distal radius. This research has been able to
systematically evaluate the influence of deformities of the distal radius DRUJ function in
an in vitro setting, allowing for comprehensive assessment not readily achievable in a
patient population.
An important relationship between distal radial deformity, forearm rotation,
DRUJ congruity and distal ulnar force has been established. Excessive or abnormal distal
ulnar loading as a result of abnormal joint congruity may be the precursor to residual
ulnar sided wrist pain that is commonly observed as a sequella of healed displaced distal
radial fractures. The clinician should be particularly aware of the escalating effect of
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combinations of distal radial deformities when deciding whether surgery is warranted
when managing distal radial fractures. As we have shown, a malaligned distal radius has
components of three dimensions of motion: radial length, radial diastasis and dorsal volar translation and the total displacement of the radius in three-space needs to be
evaluated in order to assess the total effect on DRUJ biomechanics.
The development of implants and techniques to replicate and quantify the effects
of clinically relevant distal radial deformities and their application in an in vitro
environment is the principal strength of this work. In spite of our efforts to model the in
vivo environment, our laboratory testing systems are unable to replicate the in vivo
condition. It is difficult to reproduce muscle loading as it occurs in vivo in a laboratory
setting. Furthermore, neuromuscular or pain adaptation and healing following a distal
radial malalignment cannot be accommodated with in vitro testing. However, the results
obtained from this work provide useful information by systematically isolating and
testing for different parameters pertaining to Colles’ malalignment.

While these

limitations will continue to exist in in vitro, this testing is integral in understanding the
impacts of these parameters and provides important baseline information prior their
clinical trials and application that will hopefully and ultimately lead to improving patient
outcomes.

7.3

C urrent

and

F u t u r e D ir e c t io n s

The research conducted in this thesis has examined many of the biomechanical
parameters of Colles’ malalignment, but there are still others remaining which require
further study. A primary objective moving forward is to expand upon our findings in
Chapter 5 and examine additional degrees of freedom in distal ulnar loading that were not
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included as part of this research. Further, the development of a technique to directly
quantify articular contact stresses while simulating motion and loading of the joint would
be very novel, but this awaits new methodologies to miniaturize and stabilize contact
measurement devices. This would prove useful for a comprehensive evaluation,
important in implant design, to quantify the entire loading at the distal ulna. As well,
further cadaver testing to examine the effect of other distal radial deformities would
prove useful. Although dorsally translated, dorsally angulated, and shortening of the
distal radius are presented due to their most frequent occurrence, it would also be
important to study the effect of radial and ulnar translation, changes in radial inclination,
internal (pronation) and external (supination) fragment rotation for both Colles’ and
Smith’s (volarly translated, volarly angulated and shortened) deformities both in isolation
and combined. The testing protocol in Chapter 4 and 5 could be readily applied to these
proposed studies.
Additionally, as was briefly discussed in Chapter 6, it would be exciting to extend
this work and develop an image-based measurement system to quantify DRUJ articular
congruency with distal radial deformities.

Accurately quantifying the osseous

interactions that occur in the DRUJ for our simulated conditions and identifying changes
in joint contact position and size would further the understanding of joint biomechanics,
and contact stresses at the articulation. This would build on the existing knowledge and
could assist a clinician by providing a visual interpretation of the effect of distal radial
deformities on joint contact.

The implant developed for simulating distal radius

malalignment, described in Chapter 2, can also be employed in this study.
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7.4

S ig n if ic a n c e
This work has contributed our understanding of the response of the DRUJ to

displaced fractures and malalignment of the distal radius. A distal radial implant and
ulnar load cell have been designed and implemented in order to evaluate the dependent
biomechanical parameters. The experimental methods developed in this research can be
extended to other joints of the body for future studies. The goal of the current research
was to define a threshold of malalignment that is acceptable, not requiring surgical
intervention. However, our studies have shown that there is no clear cut determination of
this threshold, rather Colles’ deformities result in a progressive increase in joint
incongruity causing an elevated load at the distal ulna which we hypothesize is an
important contributor to patient pain and dysfunction. This is of paramount importance
in deciding on the role of conservative versus surgical management in patients with distal
radial fractures and malalignment. The lack of a clear threshold suggests that ultimately
the decision between conservative management and intervention is highly dependent on
patient activity and functional expectations. Younger patients with higher functional
demands should have the distal radius maintained in near normal anatomic alignment
while elderly low demand patients may be able to tolerate significant deformities as long
as they are accepting of some limitation in motion, residual pain and decreased strength
as a consequence of changes in DRUJ alignment and loading. Correction of distal radial
malalignment should restore DRUJ function and may explain the improvement in motion,
pain and strength that is commonly noted after this procedure.

It is hoped that the

knowledge gained from this treatise will provide insight into the how displacement of the
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distal radius fragment influences forearm motion, DRUJ congruity and load transfer and
will ultimately improve patient outcome.
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Appendix A - Glossary of Terms

This appendix contains a list of the terminology used through this thesis.
Anatomical Position

Body upright, with face and palms forward

ANOVA

Analyses of variance, a statistical method for simultaneous
comparisons between two or more means

Antagonist

A muscle that counteracts the action of another muscle

Anterior

Situated at or directed toward the front; opposite to
posterior

Articular

Pertaining to a joint

Articular Cartilage

A specialized, fibrous connective tissue that covers the
surface of synovial joints

Articulation

A joint; the place of union between two or more bones of
the skeleton

Arthritis

Painful inflammation and stiffness of a joint

Biceps

Muscle that flexes and supinates the forearm

Cadaver

Of, or pertaining to, a dead body preserved for anatomical
study

Cartilage

A specialized, fibrous connective tissue present in adults

Common Extensors

A group of muscles that originate from the lateral
epicondyle of the humerus and act to extend the wrist and
fingers (also known as wrist extensors)

Common Flexors

A group of muscles that originate from the medial
epicondyle of the humerous and act to flex the wrist and
fingers (also known as wrist flexors)

Communited

Broken into several small pieces
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Computed Tomography Medical imaging method used to generate a three
dimensional image of the inside of an object using a series
of two dimensional images
Degree of Freedom

The number of independently variable factors affecting a
system

Denude

To strip a bone of its soft tissue

Diastasis

The separation of adjacent bones without fracture

Distal

Further from the beginning; opposite to proximal

Distal Radioulnar Joint

The distal end of the joint formed from the two forearm
bones, radius and ulna

Distraction

Separation of joint surfaces without rupture of their binding
ligaments and without displacement

Dorsal

Pertaining to the back, opposite to volar

Electromyography

Recording the electrical activity of muscle tissue

External Rotation

Lateral rotation about the longitudinal axis of the forearm;
opposite to internal rotation

Extension

The act of moving a part of the body, limb, from a bent to
straight position; opposite to flexion

Extensor

Any muscle that extends a joint

Extra-Articular Fracture Fracture line does not extend into the joint
Fixation

The act of holding, securing, suturing or fastening in a
fixed position, such as cementing an orthopaedic implant
into bone

Flexion

the action of bending or the condition of being bent;
opposite to extension

Flexor

Any muscle that flexes a joint
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Flock of Birds

Electromagnetic tracking system used to track motion of a
receiver relative to a transmitter

Greater Sigmoid Notch

An aspect of the proximal ulna that articulates with the
distal humerus

Humerus

The upper arm bone

Inferior

Situated below, or directed downward

Instability

A pathologic condition in which there is an inability to
maintain the normal relationship of the joint

Internal Rotation

Medial rotation about the longitudinal axis of the forearm;
opposite to external rotation

Interosseous Membrane A broad and thin plane of fibrous tissue that separates the
radius from the ulna along the mid to distal portions
Intra-Articular Fracture

Fracture line does extend into the joint; more serious of a
fracture

In vitro

In an artificial environment

In vivo

Within the living body

Joint

The place of union or junction between two or more bones
of the skeleton

Joint Congruency

The native osseous interaction and inherent stability of two
bones

Joint Laxity

Slackness or displacement (normal or abnormal) in the
motion of a joint

Joint Reaction

Forces that pass from one body segment to another through
the joint

Kinematics

The study of motion of one body with respect to another

Kinetics

The study of forces acting on one body with respect to
another
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Lateral

Denoting a position farther from the median plane or
midline of the body, opposite to medial

Ligament

A band of fibrous tissue connecting bones or cartilages
serving to support and strengthen joints

Luxation

Dislocation

Medial

Situated toward the midline of the body or structure,
opposite to lateral

Moment

A turning effect produced by a force acting at a distance on
an object

Newton

The SI unit of force; it is equal to the force that would give
a mass of one kilogram an acceleration of one metre per
second per second

Newton-Millimetre

Unit used for moment and torsion

Origin

The point of attachment or end of a muscle which is fixed
during movement

Orthopaedics

The branch of surgery dealing with the preservation and
restoration of the function of the skeletal system, its
articulations, and associated structures

Osteotomy

The surgical cutting of a bone or removal of a piece of bone
to correct a deformity

Palmar

Related to the palm or inner surface of the hand between
the wrist and fingers

Posterior

Directed towards, or situated at the back; opposite to
anterior

Post-Hoc

After the fact
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Pronation

Applied to the hand, the act of turning or placing the palm
backward

(posteriorly)

or

downward;

opposite

to

supination
Pronator Quadratus

A square shaped muscle on the distal forearm that, along
with the pronator teres muscle, acts to pronate the hand

Pronator Teres

A muscle (located mainly in the forearm) that, along with
the pronator quadratus muscle, serves to pronate the hand

Proximal

Nearest to the point of reference; opposite to distal

Radioulnar

Pertaining to the radius and ulna

Radius

A long, slightly curved bone that lies to the lateral side of
the forearm when in the anatomical position; it is the
shorter and thicker of the two bones found in the forearm

Range of Motion

Amount of motion attained during an activity

Reduce

To restore to the normal place or relation of parts, as to
reduce a fracture

Reduction

The correction of a fracture, luxation, or hernia

Repeatability

Is the variation in measurements taken by a single person or
instrument on the same item and under the same conditions

Reproducibility

Refers to the ability of a test or experiment to be accurately
replicated, by someone else working independently

Reumatoid Arthritis

A chronic, inflammatory disease of the body most
prominent in joints leading to joint pain, stiffness and
deformity

Rotation Matrix

An algebraic description of rotation in three dimensions

Sigmoid Notch

The aspect of the distal radius that articulates with the distal
ulna, the radial portion of the distal radioulnar joint

Soft Tissues

Refers to tissues such as muscles, ligaments and tendons
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Subluxation

Incomplete or partial dislocation

Superior

Situated above, or directed upwards; opposite to inferior

Supination

Applied to the hand, the act of turning or placing the palm
forward (anteriorly) or upward; opposite to supination

Supinator

A flat muscle found in the forearm, which acts to position
the forearm in supination

Tendon

A fibrous cord of connective tissue continuous with the
fibres of a muscle and attaching the muscle to bone or
cartilage

Transformation matrix

An algebraic description of rotation and translation in three
dimensions

Transverse

Extending from side to side; at right angles to the long axis
of the forearm

Triangular
Fibrocartilage Complex

A triangular shape of fibrous tissue placed transversely
beneath the head of the ulna providing stability to the distal
radioulnar joint

Triceps

A large three-headed muscle running along the back of the
upper arm and serving to extend the forearm

Torque

Moment or moment of force, is the tendency of a force to
rotate an object about an axis

Torsion

The action of twisting, the load caused when one end of an
object is twisted in one direction and the other end is being
held or twisted in the opposite direction

Ulna

The bone extending from the elbow to the wrist on the side
opposite to the thumb; the inner and large bone of the
forearm

Valgus

Denoting the angulation of the body segment away from
the midline of the body
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Varus

Denoting the angulation of the body segment toward the
midline of the body

Volar

Pertaining to the front or palm, opposite to dorsal
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Appendix B - Design Drawings

0

Unless otherwise specified,
dimensions are in millimetres

Figure B.l - Cutting Guide

Figure B1: Cutting Guide
Appendix B

Unless otherwise specified,
dimensions are in millimetres

Figure B2: Distal Radial Implant - Native Alignment
Appendix B

F ig u r e B .2 - D is t a l R a d ia l I m p la n t - N a tiv e A lig n m e n t

Unless otherwise specified,
dimensions are in millimetres

Figure B3: Distal Radial Implant - Distal Fixation Plate
Appendix B

F ig u r e B .3 - D is ta l R a d ia l I m p la n t - D is ta l F ix a tio n P la te
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Unless otherwise specified,
dimensions are in millimetres

Figure B4; Distal Radial Implant - Proximal Fixation Plate
Appendix B

F ig u r e B .4 - D is t a l R a d ia l I m p la n t - P r o x im a l F ix a tio n P la te
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Unless otherwise specified,
dimensions are in millimetres

Figure B5: Distal Radial Implant - Native Component, 2.5mm Spacer
Appendix B

F ig u r e B .5 - D is t a l R a d ia l I m p la n t - N a tiv e C o m p o n e n t, 2 .5 m m S p a c e r
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Unless otherwise specified,
dimensions are in millimetres

Figure B6: Distal Radial Implant - Native Component, 5mm Spacer
Appendix B

F ig u r e B .6 - D is t a l R a d ia l I m p la n t - N a tiv e C o m p o n e n t, 5 m m S p a c e r

Unless otherwise specified,
dimensions are in millimetres

Figure B7; Distal Radial Implant - Native Component, 6mm Spacer
Appendix B

F ig u r e B .7 - D is ta l R a d ia l I m p la n t - N a tiv e C o m p o n e n t, 6 m m S p a c e r

239

Unless otherwise specified,
dimensions are in millimetres

Figure B8: Distal Radial Implant - 10 Degree Dorsal Anguiator
Appendix B

F ig u r e B .8 - D is ta l R a d ia l I m p la n t - 10° A n g u la t io n

Unless otherwise specified,
dimensions are in millimetres

Figure B9: Distal Radial Implant - 20 Degree Dorsal Angulator
Appendix B

F ig u r e B .9 - D is t a l R a d ia l I m p la n t - 2 0 ° A n g u la t io n

Unless otherwise specified,
dimensions are in millimetres

Figure B10: Distal Radial Implant - 30 Degree Dorsal Angulator
Appendix B

F ig u r e B .1 0 - D is ta l R a d ia l I m p la n t - 3 0 ° A n g u la t io n
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Figure B11: Ulna Calibration Appliance - Layout 1
Appendix B

F ig u r e B . l 1 - F i n a c a lib r a t io n A p p lia n c e - L a y o u t 1
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Figure B12: Ulna Calibration Appliance - Layout 2
Appendix B

F ig u r e B . 12 - U ln a c a lib r a t io n A p p lia n c e - L a y o u t 2
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Unless otherwise specified.
dimensions are in millimetres

Figure B13: Distal Ulna Strain Gauge Implant
Appendix B

F ig u r e B .1 3 - D is t a l U ln a S t r a in G a u g e I m p la n t
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Figure B14: Distal Ulna Strain Gauge Implant - Distal Component
Appendix B

F ig u r e B .1 4 - D is ta l U ln a S tr a in G a u g e I m p la n t - D is ta l C o m p o n e n t
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Unless otherwise specified,
dimensions are in millimetres

Figure B15: Distal Ulna Strain Gauge Implant - Spacer
Appendix B

F ig u r e B .1 5 - D is ta l U ln a S t r a in G a u g e I m p la n t - S p a c e r
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Unless otherwise specified,
dimensions are in millimetres

Figure B16: Distal Ulna Strain Gauge Implant - Strain Gauge Spacer
Appendix B

F ig u r e B .1 6 - D is t a l U ln a S t r a in G a u g e I m p la n t - S tr a in G a u g e S p a c e r
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Unless otherwise specified,
dimensions are in millimetres

Figure B17: Distal Ulna Strain Gauge Implant - Proximal Component
Appendix B

F ig u r e B .1 7 - D is ta l U ln a S t r a in G a u g e I m p la n t - P r o x im a l C o m p o n e n t
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Appendix C - Specimen Information

C .l S p e c im e n D a t a

Table C.l - Specimen Data for the In

V itro

Study in Chapter 3

Description
Specimen
Number
F
02-02004
Left
M
Right
01-12003
F
Left
02-03016
F
Right
02-05006
M
03-09017
Left
M
1014
Left
F
01-12004
Left
F
Left
02-05013
Mean age: 76.1 ±6.1 years

Table C.2 - Specimen Data for the In

V itro

79
87
77
80
71
67
70
78

Study in Chapters 4 and 5

Description
Specimen
Number
F
Left
06-07048
M
03-09014
Right
M
08-02006
Left
M
Left
08-02050
M
08-02024
Right
F
08-02047
Right
M
Left
08-02058
F
Right
08-02070
Mean age: 71.8±1 l.lyears

64
71
84
72
76
49
76
82
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Appendix D - Fixed Axis Kinematic Analysis and Development
of Bone Specific Coordinate Systems_____________________

D .l K in e m a t ic A n a l y s is
This appendix details the mathematical algorithms used throughout this thesis to
create bone specific coordinate systems. Rotation about a set of fixed axes, the fixed axis
method, is often used to describe the rotation of one coordinate system from an initial to a
subsequent position using three sequential rotations. The rotation about A* is called roll
(y), the rotation about Y ris called pitch (P), and the rotation about Z*is called yaw (a),
which occur about the three Cartesian axes of a coordinate system. These rotations occur
one at a time, and in a specified order (Craig 1989). Forearm rotation is such that the
radius rotates around a relatively fixed ulna (King et al. 1986a), hence the ulnar bone
coordinate system, was chosen as the fixed frame reference system. This will allow for
the position of the radius and the ulna to be visualized and related within the same
reference frame.
Kinematic analysis employed the Flock of Birds ® electromagnetic tracking
system (Ascension Technology Corp., Burlington VT), which utilizes a low magnetic
field and Gauss’s law to calculate the three dimensional position and orientation data in
terms of either the ulna or radius receiver relative to the transmitter T™mT that has the
following form:
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Trans r i
R”

Trans
T=
R

Trans

(Equation D.l)
0

0

0

:

1

where
TransRT

= the 4x4 transformation matrix describing the position and
orientation of the receiver (Radius or Ulna) with respect to the
transmitter (Trans) (i.e. the output data from the tracking system,
the global kinematic coordinate system)

h“"K'R

= the 3x3 rotation matrix describing the orientation of the receiver
coordinate system (R) with respect to the transmitter (Trans), the
kinematic global coordinate system

T'a"sPRorg

= the 3x1 position vector describing the location of the origin of
the receiver coordinate system (R.org) with respect to the origin of
the transmitter (Trans), the kinematic global coordinate system

This data was mathematically transformed from receiver coordinate systems to
bone coordinate systems to describe the radius motion relative to the ulna. The ulna and
radial coordinate systems that were developed in order to permit this transformation are
further detailed.

D.2 U l n a r C o o r d in a t e S y s t e m
A bone specific coordinate system was developed for the ulna, the ulnar
coordinate system (U) using bony landmarks on the ulna digitized with respect to the ulna
receiver.

As explained briefly in Chapter 3 and 4, the ulnar coordinate system was

determined by digitizing two bony landmarks, the ulnar styloid and the greater sigmoid
notch. A circle fit algorithm was applied to the trochlear notch and a vector perpendicular
to the best-fit plane of these data points. Digitizing a single point on the medial side of
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the forearm and subtracting this point from the circle fit centre creates a vector that
always points laterally (to account for left and right specimens), this was the temporary
Zu axis. The X u axis was determined from creating a vector from the ulnar styloid to

the centre of circle fit of the sigmoid notch, pointing proximally. Taking the cross
product of the temporary Zu axis with the X u axis yielded the Yu axis that points
anteriorly. Finally the cross of the X u axis with the Yu axis resulted in the Zu axis,
pointing medially. This method generates three mutually perpendicular axes and the
origin of this coordinate system was set to be the ulnar styloid.

D.3 R a d ia l C o o r d in a t e S y s t e m
Similarly, the radial coordinate system (R) was established by digitizing 4 points,
the radial head, the dorsal and volar margins of the sigmoid notch and the radial styloid.
The surface of the radial head was sphere fit with a least-squares algorithm to generate
the centre of the radial head. The origin of the radius was the average of the remaining
three distal points. The long axis of the radius, X r axis was determined from the vector
created from the origin at the distal end to the centre of the sphere fit of the radial head,
this vector points proximally. An average of the dorsal and volar margins was created,
and this point was subtracted by the radial styloid to create the temporary Z r axis.
Taking the cross product of the temporary Z r axis with the X r axis yielded the Y r axis
which points anteriorly. The Z r axis, pointing medially, was established by the cross
product of Ay? and Y r, to form the Cartesian coordinate system.
The ulna and radius coordinate systems were used in Chapters 2 and 3 and were
based on previously derived methods (Gordon 2003c).

However, Chapter 4 and 5
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examined the kinematics and load transfer of the joint and required knowing the position
and orientation of the distal end of the radius. As such, the ulna coordinate system was
consistent throughout this treatise; however, the radial coordinate system explained above
was not required and the distal fragment coordinate system algorithm was used which is
explained in Section D.4.3. The ulna and radius coordinate systems can be visualized in
Figure D.l.
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Radius^
Radial
Receiver

Ulnar
Receiver
(Ru)
Transmitter

(Rr)
Xr

Yr^Zr / XU> Ylrans
■ > “ YU

rans

Zlrans

Figure D.l - Radius and Ulna Coordinate Systems
This figure illustrates the radius and ulna coordinate systems and their
nomenclature. The ulna coordinate system was consistent throughout this
treatise but the radial coordinate system shown was used only in Chapters
2 and 3. These include the bone coordinate systems for the radius (R) and
ulna (U), the transmitter (trans), and the receivers attached to the radius
(Rr) and ulna (Ru).
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D .4 T r a n s f o r m in g C o o r d in a t e S y s t e m s
The desired kinematic output was to detail the radius and ulna position relative to
the ulnar coordinate system. However, the native kinematic output was relative to the
receiver coordinate system affixed to each of these bones. Therefore, the matrices must
be manipulated mathematically to generate the desired outcome (Craig 1989).

D.4.1

Transforming Points Relative to the Ulnar
Receiver into the Ulnar Coordinate System
Creating the ulnar coordinate system as described in Section D.2, generates the
Ru rp

4x4 transformation or T matrix, y 1 . In other words, the orientation and translation of
the ulnar coordinate system relative to the ulnar receiver. Any points digitized on the
Ru p

ulna and the motion data would be referenced to the receiver attached to the ulna (

r u)

up
and not the ulnar coordinate system ( * u) as required. Therefore, the following matrix
multiplication must occur to translate points relative to the ulna receiver to the ulnar
coordinate system.

This was accomplished by following the rules of matrix

multiplication that states the leading subscript cancels the leading superscript of the
following term as follows (Craig 1989):
u p .u.

=

¡¿rx

(Equation D.2)

where:
Ru

u

= the 4x1 position vector describing the location of the a point “u”
with respect to the ulna receiver (dynamic output from the flock)
= the 4x1 position vector describing the location of the a point “u”
with respect to the ulna coordinate system
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= the 4x4 transformation matrix describing the position and
orientation of the ulna receiver (Ru) with respect to the ulnar
coordinate system (U)

D.4.2 Transforming Points Relative to the Radial
Receiver into the Ulnar Coordinate System
In order to visualize both bones in the same reference frame, the points digitized
relative to the radial receiver and the motion of the radius must be transformed into the
fixed ulnar coordinate system.

The desired output, therefore, was to determine the

transformation matrix that describes the continually changing position and orientation of
. .
U 'j1
the radial coordinate system (R) within the ulnar coordinate system (U), R i . This was
achieved by solving the following expression for every increment of motion across
rotation:
U 7R1

_

U rn
JOi
X Trents 1

v
X

Tran's j i
ft?'1

^ ..Rr j ,
X
R1

(Equation D.3)

where:
= the 4x4 transformation matrix describing the position and
orientation of the radial coordinate system (R) with respect to the
ulnar coordinate system (U)
Trans rp
, Trans
Ru1 and
Rr T

Ry T andRrRT

= the 4x4 transformation matrix describing the position and
orientation of the receivers (Ru and Rr) with respect to the
transmitter (i. e. the kinematic output from the tracking system)
= the 4x4 transformation matrix describing the position and
orientation of the ulnar (U) and radial coordinate system (R)
relative to the ulnar (Ru) and radial receiver (Rr)
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D.4.3

Distal Radial Fragment Coordinate System
In the testing protocol, malalignments of the distal radius were simulated. As

such, the distal fragment moves relative to the proximal end for each malalignment. A
separate coordinate system, the fragment coordinate system (FCS), was developed to
describe the motion of the distal end relative to the proximal (Figure D.2). This was
created with the origin selected as the apex of rotations and translations, which
corresponded to the design of the distal radial implant which simulated the deformities.
The coordinate system used for the radius fragment was created from digitization
points taken on the proximal implant relative to the radial receiver.
transformed relative to a right-handed specimen as detailed. The

Z fcs

Data was

axis was created

by subtracting the left from the right volar surface digitization dimples on the proximal
implant. This created the

Z fcs

axis which points medially. The temporary Y fcs axis was

calculated by subtracting the right bottom (volar) digitization from the right top (dorsal)
digitization, which created a posteriorly directed temporary axis. Crossing the temporary
Z fcs

axis by the

crossing the

Z fcs

Y fcs

axis generated the

axis by

X fcs

X fcs

axis yielded the

axis, which points proximally. Finally
Y fcs

axis, using the right hand rule, this

pointed anteriorly as shown in Figure D.3. The midpoints of the digitization points on
the left and right side of the proximal implant were calculated and set as the origin
(

Rr

't *

fcs

*

X as this was the apex of the simulated rotations.

The fragment coordinate system and the ulnar coordinate system shown in Figure
D.3 are utilized in Chapters 4 and 5.
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Volar
Surface

Proximal
Implant
,

Digitization
Points

^FCS T;

Figure D.2 - Fragment Coordinate Systems Used to Facilitate Distal Radius
Orientation
This figure illustrates the coordinate system used at the distal radius,
namely the Fragment Coordinate System (FCS), with the origin selected
as the apex o f rotation and translations.
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Ulnar
Receiver
(Ru)
Transmitter

FCS

Yt.rans
Xlrans

Zfrans

Figure D.3 - Coordinate Systems Used for Joint Kinematics
A unique coordinate system was employed when examining the effects of
Colics ’ deformities on DRUJ kinematics. Simulating deformities required
unique positioning o f the distal end o f the radius for each condition. The
native orientation o f the distal radius was digitized and the position and
orientation o f each simulated malalignment was determined through
matrix multiplication. The coordinate systems included for Chapters 4
and 5 are the ulna (U), the transmitter (trans), the receivers attached to
the radius (Rr) and ulna (Ru) and the fragment coordinate system (FCS).
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D .4 .4
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P

o s i t i o n

a n d

The distal fragment of the radius was repositioned to simulate varying degrees of
malalignment. Therefore, the transformation of the distal fragment (DCS) relative to the
proximal end, the fragment coordinate system (FCS) was known for each deformity and
would have a unique transformation matrix,

^ •

For the native case, this

transformation matrix equates to the identity matrix, thus a point on the distal end (Distal
R) of the radius was determined relative to the distal end as follows:
DCS p
r DistalR

_
-

DCS rp
FCS p
F CS1 x
Rr1

x

Rr p
r DistalR

(Equation D.4)

where
DCS p
r DistalR

DCS p
FCS 1

= the 4x1 position vector describing the location of the a point
“Distal R” with respect to the distal end of the radius (DCS)
= the 4x4 transformation matrix describing the position and
orientation of the distal end (DCS) with respect to the fragment
coordinate system (FCS) (i.e. the identity matrix)

FCS p
Rr 1

= the 4x4 transformation matrix describing the position and
orientation of the radial receiver (Rr) with respect to the fragment
coordinate system (FCS)

Rr

= the 4x1 position vector describing the location of the a point
“Distal R” with respect to the radial receiver (Rr)

P DistalR

Once the distal radial point is determined in the distal coordinate system for the
native case, this was then positioned, in the ulna coordinate system for a deformity as
follows:
c p
r DistalR

__ U rp
Ru p
Rr p
FCS p
~ Ru1 X R r1 X F C S 1 * D C S 1

X

DCS p
r DistalR

(Equation D.5)
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where:
uP

U
Ru

D is ta lR

= the 4x4 transformation matrix describing the position and
orientation of the ulnar receiver (Ru) with respect to the ulna
coordinate system (UCS)

T

R i! ' l l

= the 4x4 transformation matrix describing the position and
orientation of the radial receiver (Rr) with respect to the ulna
coordinate system (Rr)

Rr 1

R r r ji

= the 4x4 transformation matrix describing the position and
orientation of the fragment coordinate system (FCS) with respect
tothe radial receiver (Rr)

FCS 1

FCS j ,
DCS 1

DCS

= the 4x1 position vector describing the location of the a point
“Distal R” with respect to the ulna coordinate system (UCS)

= the 4x4 transformation matrix describing the position and
orientation of the distal end (DCS) with respect to the fragment
coordinate system (FCS) (i.e. the deformity)

p
r

D is ta lR

= the 4x1 position vector describing the location of the a point
“Distal R” with respect to the distal end of the radius (DCS)

The above equation is solved for each deformity

FCS p
DCS 1

, thus the position and

orientation of the distal fragment of the radius was determined in the ulnar coordinate
system. Noticing above, this method of analysis therefore does not require the creation of
a specific bone coordinate system for the radius as described in Section D.3.

D.4.4.1

Distal Radial Fragment Translation Matrices

For this work, the rotations and translations were all defined to occur about the
axes of the fragment coordinate system (FCS). In particular, the dorsal angulations occur
about the z-axis (FCSz) and the translations about the y-axis (FCSy). For a left arm. the
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rotations were about -Z and for a right it was about a positive Z axis. Malalignment that
result in angulations only are described mathematically as:
DCSfa^ = rot( Z R, a )

(Equation D.6 )

where
rot(Zr,y) =

the 3x3 rotation matrix describing rotation about Z r

Resulting in the rotational matrix,

res R
D C S .fi

cos a
sin a

-sin or 0
cos or 0

0

0

(Equation D.7)

1

Deformities with combined translation and rotation are written in general form as
follows:
P
r F C S .x

FCS

j,

D C S .fa

1

FCS
D C S .fa

r>
A

P
\

F C S .y

P
\ r F C S .z

0

0

0

1

where
PFCSx
PFCSv
PFCSz

= the translation
= the translation
= the translation

in the x direction of theFCS
in the y direction of theFCS
in the z direction of theFCS

(Equation D.8 )
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Below are the transformation matrices for each of the simulated distal radius deformites,
for a right arm:
I. fx = 5mm dorsal translation (DT)

FCSrp
DCS.5DT1

1

0

0

0

0

1

0

-5

0

0

1

0

0

0

0

1

II. fx = 10mm dorsal translation (DT)

FCSrp
DCS.WDT*

1

0

0

0

0

1

0

-10

0

0

1

0

0

0

0

1

III. fx = 10 degrees dorsal angulation (DA)

FCSrp
DCS. 10DAi

cos(1 0 ) sin(1 0 ) 0 0
-sin( 1 0 ) cos(1 0 ) 0 0
0

0

1

0

0

0

0

1

IV. fx = 10 degrees dorsal angulation (DA) with 5mm dorsal translation (DT)

FCSrp
DCS.10DA5DT

cos(1 0 ) sin(1 0 ) 0 0
-sin( 1 0 ) cos(1 0 ) 0 -5
0

0

1

0

0

0

0

1

V. /x =10 degrees dorsal angulation (DA) with 10mm dorsal translation (DT)

FCSrp
DCS.IODAIODT*

cos(1 0 ) sin(1 0 ) 0
0
-sin( 1 0 ) cos(1 0 ) 0 - 1 0
0

0

1 0

0

0

0

1
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VI. fx = 20 degrees dorsal angulation (DA)
cos(2 0 )

sin(2 0 ) 0 0

FCS
-sin( 2 0 ) cos(20 ) 0 0
°CS.20OAr =
0
0
10

0

0

0 1

VII. fx = 20 degrees dorsal angulation (DA) with 5mm dorsal translation (DT)

FCS
DCS. 20DA5DT T

cos(2 0 )
-sin(20)
=

sin(2 0 ) 0
cos(20) 0

0

-5

0

0

1 0

0

0

0

1

VIII. fx = 20 degrees dorsal angulation (DA) with 10mm dorsal translation (DT)

FCS
DCS.20DA10DT T

cos(20 ) sin(2 0 ) 0
-sin( 20 ) cos(2 0 ) 0
=

0

0

1 0

0

0

0

0
-10

1

IX. fx = 30 degrees dorsal angulation (DA)

FCS
D C SJ0D A

r=

eos(30)
-sin(30)
_

sin(30) 0 0
cos(30) 0 0

0

0

1

0

0

0

0

1

r

ulation (DA) with 5mm doi

FCS
DCS.30DA5DT

cos(30)
-sin(30)
T=

sin(30) 0 0
cos(30) 0 -5

0

0

1

0

0

0

0

1
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XI. fx = 30 degrees dorsal angulation (DA) with 10mm dorsal translation (DT)

FCSji

cos(30)
-sin(30)

Z5CS.30DA10DT''

D.4.4.2

sin(30) 0
0
cos(30) 0 - 1 0

0

0

1

0

0

0

0

1

M a t h e m a t ic a l C o n f ir m a t io n
T r a n s f o r m a t io n

of

D is t a l F r a g m e n t

In order to confirm that the mathematical application of the malalignment was
correct, the actual position of the malalignment was compared with the intended position
of the deformity. This was conducted by taking the midpoint of two digitized points on
the distal radius (dorsal and volar margins of the sigmoid notch, Point C) and transformed
it relative to the fragment coordinate system (FCS). Using Equation D.4, Point C is
mathematically expressed relative to the distal fragment (DCS) in the native case first:
DCS p
''P o i n t

_

C

—

DCS T

FCS T

FCS1

R r1

Rr p
A

''P o i n t

C

(Equation D.9)

where
' K S

R

P o in t

c

=
4x1 position vector describing the location of the point C
with respect to the distal end of the radius (DCS)

FCS T

= the 4x4 transformation matrix describing the position and
orientation of the distal end (DCS) with respect to the fragment
coordinate system (FCS) (i.e. the identity matrix)

FCRr T

= the 4x4 transformation matrix describing the position and
orientation of the radial receiver (Rr) with respect to the fragment
coordinate system (FCS)

•rPojntC

= the 4x1 position vector describing the location of the point C
with respect to the radial receiver (Rr)
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Then it is transformed it to the fragment coordinate system (FCS) shown below:
FCS

PP o in tC

FCS T

DCS p

D CS1

(Equation D.10)

r P o in tC

where
FCS p
r

Point C

FCS p
DCS 1

= the 4x4 transformation matrix describing the position and
orientation of the fragment coordinate system (FCS) with respect
to the distal end of the radius (DCS) (i.e. the deformity)

DCS p
r

= the 4x1 position vector describing the location of the point C
with respect to the fragment coordinate system (FCS)

Point C

= the 4x1 position vector describing the location of the point C
with respect to the distal end of the radius (DCS)

By performing this analysis,

FCSx, FCSy, and FCSz positions of the point FCSc

can be determined to confirm positioning of the Point

C

and subsequently the distal

radius fragment. In other words, the mathematical algorithm to transpose the distal end
to the desired malalignment was confirmed.

Table D.l shows the relationship and

orientation of the distal end using digitized data for all malalignments for all eight
specimens.
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FC S X (+ P rox)

F C S Y (+ A nt)

FC SZ (+M ed)

L e n g th o f L in e

M alalignm ent
A verage

SD

A verage

SD

A verage

SD

A verage

SD

ODA ODT

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

ODA 5D T

0.00

0.00

-5.00

0.00

0.00

0.00

5.00

0.00

ODA I0D T

0.00

0.00

-10.00

0.00

0.00

0.00

10.00

0.00

1ODA ODT

0.37

0.82

-4.82

4.58

0.00

0.00

6.48

0.65

I0 D A 5 D T

0.37

0.82

-9.82

4.58

0.00

0.00

10.21

3.59

1ODA 10DT

0.37

0.82

-14.82

4.58

0.00

0.00

14.84

4.58

2 0 DA ODT

1.85

1.55

-9.48

9.11

0.00

0.00

12.91

1.30

20 D A 5D T

1.85

1.55

-14.48

9.11

0.00

0.00

16.59

3.80

20D A I0D T

1.85

1.55

-19.48

9.11

0.00

0.00

20.30

7.20

30D A ODT

4.40

2.17

-13.84

13.45

0.00

0.00

19.24

1.94

30D A 5D T

4.40

2.17

-18.84

13.45

0.00

0.00

22.85

4.07

30D A I0D T

4.40

2.17

-23.84

13.45

0.00

0.00

26.52

7.31

Table D.l - Predicted Location of the Distal Radius Fragment
The mean and ± I standard deviation in millimeters o f Point C, the
midpoint o f the dorsal and volar margin o f the sigmoid notch o f the
radius, for varying deformities. All simulated deformities, which consisted
o f dorsal angulation (DA) and dorsal translation (DT), are shown in
context o f the fragment coordinate system (FCS). Above is the digitized
kinematic data transformed showing the static position o f the distal
fragment relative to the apex o f rotation, demonstrating the predicted
mathematical location o f F C S F C S y and FCSzfor each o f the simulated
deformities.
At the same time this demonstrates the geometric
implications o f angulation, namely the inherent translational effect.
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D.4.4.3

Computed Tomography Confirmation of Distal
Fragment Transformation

Translations of the radius relative to the ulna as viewed in a cross-sectional
computed tomography (CT) scan are one of the most popular methods for viewing joint
congruity. As such, the distal radial implant was surgically affixed to a single specimen
and underwent CT imaging; Figure D.4 and Figure D.5 demonstrate and confirm the joint
congruency analysis conducted in Chapter 4. These figures were additionally described
and detailed in Chapter 6 as Figures 6.4 and 6.5.

3 0 ° P r o n a tio n

15° P r o n a tio n

N e u tr a l

1 5 ° S u p in a t io n

3 0 ° S u p in a t io n

4 5 ° S u p in a t io n

Figure D.4 - Effect of Distal Radial Translation on Joint Congruency
T ra n sverse v ie w o f th e ra d iu s a n d ulna a t the D RU J. P o sitio n o f the d is ta l ra d ia l fr a g m e n t r e la tiv e to the ulna f o r
n a tiv e (A) 5m m (B) a n d 10m m (C ) d o r s a l tra n sla tio n a re sh ow n w ith an in ta ct TFCC. The n a tiv e p o s itio n h as been
tr a c e d a n d o v e rla y in g the tra n sla te d c o n d itio n s to f a c ilita te e a s ie r in te rp reta tio n o f effects o f m alalign m en t.

V
6"

3 0 ° P r o n a tio n

15° P r o n a tio n

N e u tr a l

15° S u p in a t io n

3 0 ° S u p in a t io n

4 5 ° S u p in a t io n

A

B
mBÊ

C

D

Figure D.5 - Effects of Distal Radius Angulation on Joint Congruency
P o sitio n o f th e d is ta l r a d ia l fr a g m e n t re la tiv e to th e ulna f o r n a tiv e (A) 10 d e g re e s (B), 2 0 d e g r e e s (C ) a n d 3 0 d e g re e s
(D ) d o r s a l an g u la tio n a re sh ow n w ith an in ta ct T F C C a t the le v e l o f the D R U J. The n a tiv e p o s itio n has been tr a c e d
a n d o v e rla y in g the m a la lig n e d p o s itio n f o r d eterm in a tio n o f re la tiv e m ovem ent.
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D.5 K inem atic A nalysis

in the

T ransverse plane

As explained in Chapter 4, a moving axis on the kinematic path of the native
radius was developed. This facilitated determining the variables of diastasis (radial shift)
and dorsal-volar translation of the radius relative to the ulna. To this point, as explained
above, the kinematics had been describing the position of the radius relative to the ulna.
This data was then simply determined relative to a coordinate system developed from
each rotation point on the native kinematics curve of motion. In order to create the new
coordinate system, the native radial kinematics was curve-fit to a second order
polynomial trendline and the derivative of the curve was solved (see Table D.2 for
polynomial constants). Substituting the point in rotation into this derivative, the slope of
the line is obtained at each rotation point. Subtracting each of the deformities from the
corresponding native position relative to the ulna coordinate system generated the
difference in kinematics from native as a result of the deformity. Then, using simple
trigonometry and the equations shown below, the position of the malunited radius was
described in terms of the new native radius coordinate system for each point in rotation.
Orienting the radial coordinate system such that the axes are tangential and perpendicular
to the curve of motion at each point in rotation allowed for the direct association with the
radial diastasis and dorsal - volar translation of the radius.
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Dorsal - Volar
Translation
Diastasis
Forearm
Rotation
Native —
Malunited

B

A(y,z)
i**

i

d<

i'

e

Slope = c/y
c = y*Tan p
e = y/Cos P
y’ = e + f
t = d*Cosp
f = d*Sin (3

V.

Figure D.6 - Radial Coordinate Systems Used for Joint Kinematics
The m id p o in t o f the d o r s a l a n d v o la r m a rg in s w a s tra c k e d a c ro ss m otion
(A) re la tiv e to the f ix e d u ln ar co o rd in a te system . A m o v in g co o rd in a te
sy ste m on th e ra d iu s w a s c r e a te d to d e sc rib e the effects o f m alalign m en t
r e la tiv e to the n a tiv e k in em a tics (B).
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G eneral Form o f the Equation:

C onstants
a
b
c

03-09014R
-0.269
0.688
3.138

06-07048L
-0.215
0.444
3.355

08-02006L
-0.460
3.325
0.597

U7 = aUy2 +bUr + c
08-02024R
-0.012
1.283
5.864

08-02047R
-0.203
2.206
6.017

08-02050L
-0.131
0.676
3.182

08-02058L
-2.451
3.317
5.464

08-0207ÜR
-1.150
3.423
0.374

Table D.2 - Algebraic Constants for the Native Kinematic Slope
The co n sta n ts fr o m cu rve f ittin g th e n a tiv e k in em a tic p o in ts a cro ss
ro tation . U nits a re m illim eters.
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Appendix E - The Application of an Ulnar Load Cell to
Quantifying Joint Loading In V itro _____________________

E .l I ntroduction
An ulnar load cell was designed based on a previously developed device (Beaton
2005) to quantify load in six-degrees of freedom, namely the force in three perpendicular
axes combined with rotational forces about the same three perpendicular axes. This
implant was calibrated and applied using an in vitro model, gathering load data at the
distal ulna. The results of the in vitro testing are provided in Chapter 5, and implant
design and calibration techniques are detailed in the sections below.

E.1.1 Converting Strain Data into Forces and
Moments
Strain gauges employ the basic resistive principle that as a conductor is stretched
or compressed it undergoes a change in resistance. A Wheatstone bridge is an electrical
circuit that typically uses strain gauges to amplify desired strain signals while reducing
undesired components of strain. The load cell, described in Chapter 5, employed 4 shear
sensitive rosette gauges; each rosette contained two signal axis gauges that were wired
into independent quarter bridges. This resulted in each side of the implant having two
channels that when implanted into the distal ulna related as follows: volar surface (CH2
and CH3), dorsal surface (CH6 and CH7), on a right specimen medial is (CHO and CHI)
and lateral is (CH4 and CH5). This is graphically represented in Figure E.l with the
technical data sheet for the shear gauges in Figure E.2.
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Using strain theory and vector addition principles explained by Beaton, signals
from these independent quarter bridges can be mathematically manipulated to correspond
to the six axis dependent strain values as follows (Beaton 2005):

„

(CH, + CH.) - (CH, +CH7) + (CH, + CH2)-(C H , + CH,)
2 * GF

(Equation E.l)

n ,
2[(CH, + CH7) - (CH, + CH, )]
Bending, = - ^ ---- 5------- ^ ---- 1------- --—Ur

(Equation E.2)

„
2[(CH0 + CHX)-(C H A+CH5)]
Bendmgv =
0
1
4
—Ur

(Equation E.3)

J . , (CH, + CH.+CH, + CH, + CH,+CH, + CH, + CH7)
Axial = ----- 2------- 1------- -------- 2 2 ------- =------- 2-------- -GF

(Equation E.4)

Shear J C H .- C H 7) + (CH>+ CH2)
x
-GF

(Equation E.5)

'h-ar
y

(Equation E.6 )

(CH0-C H ,) + (CH5+CHA)
-GF

where:
GF

=Gauge factor

CH

=Channel
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(A)

Front View

I-S Axis
A-P Axis

M-L Axis

Rosette (1 per side)
2 Elements or Gauges

(B)

Quarter Bridge Configuration

Figure E.l - Representation of the Shear Rosettes And Wiring on the Implant
Shown is a front view o f the ulnar implant (A), illustrating a single side
with a single shear sensitive rosette adhered. This same configuration is
on the four sides o f the implant, one rosette with 2 gauges (alternatively
called elements) per rosette. Each o f the elements was wired into
independent quarter bridges such that each side had two channel outputs.
For a right specimen, in vitro, the following channel outputs were
obtained: volar (CH2 and CEB), dorsal (CH6 and CH7) medial (CHO and
CHI) and lateral (CH4 and CH5). These were convertedfrom strain data
to forces and moments using Equations E. 1 through E. 6 and a calibration
algorithm described in Section E.2.
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Figure E.2 - Technical Data Sheet for Strain Gauges
Shown is the technical data sheet for the rosette strain gauges employed in
this study.
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E.2 L o a d C ell C a l ib r a t io n
A load cell can be simply calibrated by applying a single component of pure load
(Fowler et al. 1999). This method can be quite difficult to achieve good reproducibility
and is highly sensitive. As such, the load cell described in Chapter 5 was calibrated with
the Berme Cailbration Technique, an application of known load vectors containing
multiple load components as it has been found to be straightforward and accurate.

E .2 .1

B

e r m

e

C

a l i b r a t i o n

P

r o c e d u r e

To calibrate, a technique involving applying 134 multi-axis loading scenarios of
known magnitude were applied to the load cell using an Instron (Figure E.3) and the
strain output was recorded. These scenarios are explained in more detail below (Section
E.2.3). For a six-degree of freedom load cell, 6 are the minimum value of load vectors.
Utilizing 15 load cases generally gives a load accuracy of within one percent (Berme et
al. 1990). The Berme Technique of forming the calibration matrix (Berme et al. 1990)
uses a given number of known load vectors to produce an equal number of signal vectors
and uses the equation E.7 to find the calibration matrix [Cjj]. A relationship between the
strain outputs and the applied loads was obtained in the form of a calibration matrix.
According to Berme, the formula detailed below in Equation E.7 relates the
known applied load vectors to the strain output. The load vector, [L] contains three
forces and three moments, [S] is the signal vector, and [cy] is the calibration matrix. To
solve for the calibration matrix, both sides of Equation E.7 were multiplied by the
transpose of [S] to get Equation E.8 . Finally, to solve for the calibration matrix in
Equation E.9, both sides were multiplied by the inverse of [S][S]T. These steps are
detailed below:

280

[LJfixn ~ [Cij]6x6 * [S] fa„

(Equation E.7)

[LJ [SJT=[CiJ[SJ[S]T

(Equation E.8 )

[Cij] = [L][S]T[[S][S]T]-'

(Equation E.9)

The strain values obtained from in vitro testing was then multiplied by the
calibration matrix to obtain the 3 forces (x,y,z) and 3 moments (Mx, My, Mz).
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Figure E.3 - Calibration Technique with an Instron Testing Machine
Calibration was conducted by applying known loads at measured
distances using an Instron testing machine and digital callipers.
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For successful calibration, the methods in which the loads are applied have to be
highly accurate. In order to apply the calibration technique, a custom jig was developed
(inset Figure E.4) which consisted of two vertical members to attach to the load cell and a
single transverse bar.

Figure E.3 shows only the two vertical members with the

transverse member removed. The transverse member was carefully machined to slide up
and down the vertical member, on all four sides. The positions that were used for the
calibration (positions A through J) for a single side have been photo-enhanced to
illustrate simultaneously (Figure E.4).
For a single side, (and this procedure was repeated for all 4 sides), the transverse
member was positioned in 4 locations (i though iv) and locked into position for loading.
For each of the locations (i through iv), two positions along the member were selected
and 3 loads were applied. In this way, all types of loading including shear, torsion and
bending were applied to the load cell. By having two locations on a given position the
torsion arm was altered without effecting the bending moment (i.e. A and B) and likewise
by having two positions of similar distance (i.e. A and C) the bending moment was
changed without affecting the torsion arm. As shown in the picture below, the load cell
was subjected to pure tension and compression (I, J) (Figure E.4). A total of 134 multi
axis loading scenarios were generated from applying the loads detailed in Table E.l.
Load was applied to produce known bending moments and torques, and the output signal
recorded for each load and position. This known applied load and output signal were
used to solve for the calibration matrix in Equation E.9.
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Figure E.4 - Load Cell Calibration Appliance and Calibration Loading
Inset: A custom appliance was machined to facilitate accurate and
precise calibration. The primary picture is a photographic enhancement
showing the possible calibration locations simultaneously. Two vertical
members were designed to hold the load cell, one to hold the load cell
within the Instron support frame and the other to allow for a transverse
member. This transverse member can be slid along the vertical member
(i,ii) and flipped to the opposite side (Hi, iv) facilitating various possible
locations for load application. The transverse member was locked into
position for loading. For each o f the transverse member locations (i
through iv), two positions along the member were selected (for example A
and B for position i) whereby 4 loads were applied.
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Test
Condition Position
1
I
2
I
3
I
4
I
5
I
6
I
7
I
8
I
9
I
10
I
11
I
12
3
13
J
14
J
15
3
16
J
17
J
18
3
19
J
20
J
21
J
22
J

Description

Fx (N)
0
5
10
15
20
25
30
35
40
45
50
0
5
10
15
20
25
30
35
40
45
50

Fy

(N) Fz(N)

Tensile
Tensile
Tensile
Tensile
Tensile
Tensile
Tensile
Tensile
Tensile
Tensile
Tensile
Compression
Compression
Compression
Compression
Compression
Compression
Compression
Compression
Compression
Compression
Compression
Protocol Both Side D and V (Dorsal and Volar Surfaces):
Neutral
23 (D & V)
Reading
0
24 (D & V)
5
25 (D & V)
10
26 (D & V)
20
27 (D & V)
5
28 (D & V)
10
29 (D & V)
20
Neutral
30 (D & V)
Reading
0
31 (D & V)
5
32 (D & V)
10
33 (D & V)
20
34 (D & V)
5
35 (D & V)
10
36 (D & V)
20
Neutral
37 (D & V)
Reading
0
38 (D & V)
5
39 (D & V)
10
40 (D & V)
20
41 (D & V)
5
42 (D & V)
10
43 (D & V)
20
Neutral
44 (D & V)
G&
Reading
0
45 (D & V)
G
5

A&B
A
A
A
B
B
B
C&D
C
C
C
D
D
D
E&F
E
E
E
F
F
F
H

dx

dy

dz

(mm)

(mm)

(mm)

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

12.28
12.28
12.28
12.28
12.28
12.28
12.28

11.85
11.85
11.85
11.85
36.65
36.65
36.65

38.14
38.14
38.14
38.14
38.14
38.14
38.14

11.85
11.85
11.85
11.85
36.65
36.65
36.65

12.28
12.28
12.28
12.28
12.28
12.28
12.28

-11.85
-11.85
-11.85
-11.85
-36.65
-36.65
-36.65

38.14
38.14

-11.85
-11.85
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Fx (N) Fy (N) Fz(N)

Test
Position
Description
Condition
46 (D & V)
47 (D & V)
H
48 (D & V)
H
49 (D & V)
H
50 (D & V)
Protocol Both Side M and L (Medial and Lateral
Neutral
Reading
51 (M & L)
52 (M & L)
53 (M & L)
54 (M & L)
55 (M & L)
56 (M & L)
57 (M & L)
Neutral
&
Reading
58 (M & L)
59 (M & L)
60 (M & L)
61 (M & L)
62 (M & L)
63 (M & L)
64 (M & L)
Neutral
Reading
65 (M & L)
66 (M & L)
67 (M & L)
68 (M & L)
69 (M & L)
70 (M & L)
71 (M & L)
Neutral
G &H
Reading
72 (M & L)
73 (M & L)
G
74 (M & L)
G
G
75 (M & L)
H
76 (M & L)
H
77 (M & L)
H
78 (M & L)

G
G

A&B
A
A
A
B
B
B
C D
C
C
C
D
D
D
E& F
E
E
E
F
F
F

dx
(mm)

dy
(mm)

38.14
38.14
38.14
38.14
38.14

10
20
5
10
20
Surfaces):

-11.85
-11.85
-36.65
-36.65
-36.65

0
5
10
20
5
10
20

19.81
19.81
19.81
19.81
19.81
19.81
19.81

11.85
11.85
11.85
11.85
36.65
36.65
36.65

0
5
10
20
5
10
20

31.28
31.28
31.28
31.28
31.28
31.28
31.28

11.85
11.85
11.85
11.85
36.65
36.65
36.65

0

19.81
19.81
19.81
19.81
19.81
19.81
19.81

-11.85
-11.85
-11.85
-11.85
-36.65
-36.65
-36.65

31.28
31.28
31.28
31.28
31.28
31.28
31.28

-11.85
-11.85
-11.85
-11.85
-36.65
-36.65
-36.65

5
10
20

5
10
20
0

5
10
20

5
10
20

dz
(mm)

Table E.l - Calibration Loading Protocol
A total o f 134 loading scenarios were applied on the ulna implant.
Neutral readings were established at each position o f the transverse
member. This was subtracted from the other readings to account for the
effect o f the transverse member on the strain readings. Note: forces were
in Newtons and the distances in millimetres so that the moment
calculations were Nmm.
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E.3 R e su l t s
The x, y, and z axis correspond to axial or inferior - superior (I-S), anterior
posterior (A-P) and medial-lateral (M-L) axes on the ulna, respectively. Rotation around
these axes, therefore, is described as torsion or internal-external (I-E) for Mx, varusvalgus (V-V) for My and flexion-extension (F-E) for Mz.

E.3.1

Calibration
The linear regression value, R-, has been calculated for each of the 3 moments

and the 3 forces as an indication of linear best-fit. This is a measure of the accuracy of
the calibration, correlating the input load with the load calculated from the calibrated
strain data. The calibration results are shown in Figure E.5 to Figure E.10. The results
from the linear fit calibration of the measured loads with the expected loads calculated
•
• correlation
* 2(R- =0.49, 0.93, 0.97 force
from the moment arms and masses yielded
high
data for the I-S, A-P and M-L axes, respectively and R2 =0.999, 0.996, 0.99 moment data
for I-E, V-V and F-E rotation, respectively).

Figure E.5 - Comparison of Input and Calibrated Data: Force X Axis
The axial force results, comparing the measured loads (on the vertical
axis) with the expected loads (on the horizontal axis) calculated from the
applied masses.
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Figure E.6 - Comparison of Input and Calibrated Data: Moment X
The moment results about the inferior - superior axis (i. e. torsion),
comparing the measured moments (on the vertical axis) with the expected
moments (on the horizontal axis) calculated from the applied masses and
moment arms.

Figure E.7 - Comparison of Input and Calibrated Data: Force Y Axis
The force results in the Anterior-Posterior axis comparing the measured
loads (on the vertical axis) with the expected loads (on the horizontal axis)
calculatedfrom the applied masses.
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Figure E.8 - Comparison of Input and Calibrated Data: Moment Y
The moment results about the Medial - Lateral (Varus-Valgus) axis
comparing the measured moments (on the vertical axis) with the expected
moments (on the horizontal axis) calculated from the applied masses and
moment arms.
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Figure E.9 - Comparison of Input and Calibrated Data: Force Z axis
The force results in the Medial-Lateral axis comparing the measured
loads (on the vertical axis) with the expected loads (on the horizontal axis)
calculatedfrom the applied masses.
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Figure E.10 - Comparison of Input and Calibrated Data: Moment Z
The moment results about the Anterior-Posterior (Flexion-Extension) axis
comparing the measured loads (on the vertical axis) with the expected
loads (on the horizontal axis) calculated from the applied masses and
moment arms.
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E.3.2

Repeatability
The coefficient of variation (CV) is a normalized measure of scatter across a

sampling and is a ratio of the standard deviation to the mean, expressed as a percentage.
It is a statistical approach, which has been applied to examine the dispersion across five
motion trials. The coefficients of variation are shown in Table E.2 for load cell output
during pronation and supination, expressed in 15 degree intervals, amongst the 5
repeatability runs.
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Repeatability
The coefficient of variation (CV) is a normalized measure of scatter across a

sampling and is a ratio of the standard deviation to the mean, expressed as a percentage.
It is a statistical approach, which has been applied to examine the dispersion across five
motion trials. The coefficients of variation are shown in Table E.2 for load cell output
during pronation and supination, expressed in 15 degree intervals, amongst the 5
repeatability runs.
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(A ) C o e ffic ie n t o f V a r ia n c e fo r R e p e a ta b ility P ro n a tio n
I-S

A-P

M-L

I-E

V-V

F-E

-45

2.59%

0.90%

0.71%

3.57%

1.87%

2.79%

-30

1.54%

1.11%

0.71%

3.97%

1.85%

7.85%

-15

1.73%

1.15%

0.86%

3.45%

1.16%

6.54%

0

1.59%

1.13%

0.96%

3.09%

0.53%

7.74%

15

1.49%

0.55%

0.81%

1.04%

0.47%

1.00%

30

1.04%

0.54%

0.66%

1.28%

0.70%

1.78%

45

1.30%

0.49%

0.57%

1.49%

0.66%

2.28%

(B ) C o e ffic ie n t o f V a r ia n c e fo r R e p e a ta b ility S u p in a tio n
I-S

A-P

M-L

I-E

V-V

F-E

-45

1.84%

0.60%

0.99%

5.31%

0.32%

5.29%

-30

0.64%

0.83%

0.62%

1.52%

0.85%

5.21%

-15

1.48%

0.73%

0.60%

1.09%

0.18%

7.97%

0

1.03%

0.95%

0.44%

2.02%

0.68%

6.77%

15

1.26%

0.76%

0.86%

1.21%

0.74%

5.28%

30

2.56%

1.00%

0.75%

1.32%

0.81%

5.59%

45

2.21%

0.65%

0.41%

1.64%

1.11%

2.47%

Table E.2 - Repeatability Coefficient of Variance Calculations for (A) Pronation
and (B) Supination
Coefficient o f Variance calculations determinedfrom 5 motions.
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E.3.3

Reproducibility
The test protocol was designed to examine reproducibility by comparing 5 trials

of load cell output using an arbitrary distal fragment positioning, continuing on with
additional test conditions and then returning to the same fragment positioning and
conducting 5 trials again to determine if the same load cell output was generated. The
coefficients of variation are shown in Table E.3 for load cell output for kinematics of
pronation and supination across rotation, expressed in 15 degree intervals, amongst the 1 0
reproducibility runs.

2%

(A ) C o e ffic ie n t o f V a r ia n c e fo r R e p r o d u c ib ility P ro n a tio n
I-S

A-P

M-L

I-E

V-V

F-E

-45

2.67%

2.16%

4.28%

2.11%

3.66%

3.03%

-30

1.96%

2.88%

4.73%

1.47%

3.10%

2.23%

-15

2.92%

2.51%

3.95%

1.37%

1.25%

1.64%

0

1.78%

0.69%

1.57%

1.32%

1.32%

2.98%

15

2.71%

0.71%

1.85%

1.29%

1.16%

2.30%

30

2.23%

0.69%

1.72%

1.44%

0.84%

1.05%

45

1.75%

0.53%

1.69%

1.65%

0.47%

1.64%

(B ) C o e ffic ie n t o f V a r ia n c e fo r R e p r o d u c ib ility S u p in a tio n
I-S

A-P

M-L

I-E

V-V

F-E

-45

2.59%

0.58%

0.95%

1.38%

0.52%

3.20%

-30

3.41%

0.96%

1.16%

1.25%

0.70%

4.92%

-15

4.00%

0.81%

1.65%

0.99%

0.67%

2.88%

0

2.76%

1.12%

1.04%

1.27%

0.70%

3.24%

15

2.78%

0.90%

1.00%

1.33%

0.57%

2.61%

30

3.47%

0.62%

1.38%

0.66%

0.57%

1.38%

45

2.34%

0.77%

0.88%

1.54%

0.84%

2.23%

T a b le E .3 - R e p r o d u c ib ilit y C o e f f ic ie n t o f V a r ia n c e C a lc u la tio n s fo r (A ) P r o n a tio n
a n d (B ) S u p in a t io n

Coefficient o f Variance calculations determinedfrom 10 motion trials.
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E.3.4

Standard D eviations
The graphs provided in Chapter 5 did not easily allow for the addition of standard

deviation information. Therefore, for ease of interpretation of the graphs, these were
omitted and the data has been provided below in Table E.4 and E.5.
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In ta c t T FC C L igam ents
A n te rio r - P o s te rio r
R o tatio n

N a tiv e

5D T

45 P ro n a tio n

-2.28

2.20

30 P ro n a tio n

-1.46

1.96

15 P ro n a tio n
N e u tra l

-0.75

1.70

0.08

15 S u p in a tio n

2.69

5.30

0.68

6.38

6.16

1.65

6.72

6.29

5.59

3.05

6.92

6.44

4.88

3.96

45 P ro n a tio n

2.42

7.02
5.41

30 P ro n a tio n

-2.50
-1.57

6.43
5.27

2.12

5.34

5.58

15 P ro n a tio n

-0.79

1.78

6.12

5.42

T o rsio n (N mm)
M ean
4 0 .4 4

SD
31.30

5.81
6.07

5.57

4 3 .7 1

35.23

5.69

4 8 .1 5

39.06

6.14
7.47

6.12

-50.84
-58.71

48.58

8.06
8.24
5.89
5.65

6.19
7.07

39.92

-6 3 2 5
-68.28

52.80

7.85
5.86
5.87

-39.50
4 2 .8 4

33.15

5.54

4524

36.92
40.47

59.09

N e u tra l

0.22

0.65

6.16

5.98

6.30
624

5.93

-50.50

43.78

15 S u p in a tio n

2.49

121

6.38

6.18

7.14

5.91

-57.34

52.41

30 S u p in a tio n

4.18
5.07

3.14

7.01

8.20

6.94

-62.23

56.19

4.12

6.96

6.24
6.37

8.64

7.55

-67.90

63.63

2.66
2.29
1.87

5.31

5.38

6.05

4 1 .3 0

30.98

5.59

5.24

5.93

5.93
5.61

4 5 .3 8

34.88

6.54

5.53

6.73

4 7 .6 6

41.25

0.69

5.66
6.08

15 P ro n a tio n

-2.75
-1.70
-0.83
0.16

6.79

6.10

6.84

1.71

6.64

6.22

-52.00
-57.07

42.16
48.09

3.23

7.13

6.21

7.45
8.36

6.12

30 S u p in a tio n

2.80
4.30

6.96

-63.25

52.27

45 S u p in a tio n

5.27

4.29

-3.03

-68.02
4 6 .0 3

5.77

4 8 .7 9

34.70

1.96

6.10
6.97

5.35

15 P ro n a tio n

-1.83
-0.87

9.02
6.58
6.47

7.76
6.11

30 P ro n a tio n

2.93
2.47

6.50
5.44

58.50

45 P ro n a tio n

729
5.78

5.64

5.78

-50.45
-55.15

42.54

N e u tra l
15 S u p in a tio n

10DA +
10D T

5.55
5.90

4.05

30 P ro n a tio n

10DA +
5D T

F o rc e (N )
M ean
SD
5.88
5.81

30 S u p in a tio n

45 P ro n a tio n

10DA

D ista l U lna

F o rc e (N )
M ean
SD
5.37
5.44

45 S u p in a tio n

45 S u p in a tio n

10D T

F o rc e (N )
M ean
SD

M e d ia l - L ateral

N e u tra l

-0.04

0.69

7.30

6.06

7.16
7.34

15 S u p in a tio n

2.85

1.75

7.17

6.32

7.91

30 S u p in a tio n
45 S u p in a tio n

4.43
5.48

3.33
4.46

7.55
7.62

6.56
6.63

9.41

45 P ro n a tio n

-3 2 3
-2.13

2.93
2.47

6.19

30 P ro n a tio n

5.55
5.46

7.04

15 P ro n a tio n

-1.17

7.41

N e u tra l

-0.04

1.96
0.69

15 S u p in a tio n
30 S u p in a tio n

2.95
4.63

1.75
3.33

45 S u p in a tio n

5.68

6.62
7.69
7.57

8.78
7.04

6.04
6.29

-70.02

50.82
54.31

6.21
5.88

46.76

29.79

4 9 .6 5

28.09

51.58

36.41
38.48

5.75
5.74

7.61
7.73

5.92
5.73

-57.32

6.58

8.31

6.54

6.69

9.11

7.43

-61.58
-66.67

44.09

7.80
7.98
7.05

6.76

9.81

8.08

-70.59

45.78

5.78

8.61

6.50

-50.68

32.08

5.68
5.98

8.39
8.63

6.24

5220
-55.68

28.19
34.90

45 P ro n a tio n

4 .8 3

30 P ro n a tio n
15 P ro n a tio n

-3.11

2.88
2.16

N e u tra l

-1.91
0.26

7.70
8.32

0.89

8.64

6.00

8.70

6.21
5.97

15 S u p in a tio n

327

1.82

8.53

6.79

9.31

6.77

30 S u p in a tio n

5.46
6.56

3.39

8.44

4.82

8.70

6.94
7.04

10.13
10.91

Table continued on following page

66.38

43.84
50.49

7.31
7.97

4.46
3.19

45 S u p in a tio n

-61.03

34.08

43.21

-59.71

37.04

64.44

41.55

7.61

-69.50

40.79

8.51

-7 3 2 2

39.53
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In ta c t T F C C L igam ents
A n te rio r

20D A

20D A +
5D T

20D A +
10D T

30D A

30D A +
5D T

30D A +
10D T

R o ta tio n

M ean

P o s te rio r
SD

M e d ial - L ateral
M ean
SD

D ista l U lna
M ean
SD

45 P ro n a tio n

3.22
2.67

6.62

5.66

7.66

30 P ro n a tio n

-3.75
-2.60

7.15

5.56

7.70

15 P ro n a tio n

-1.53

2.06

7.86

5.87

N e u tra l

0.46

0.89

8.24

15 S u p in a tio n

1.78

30 S u p in a tio n

3.11
4.97

45 S u p in a tio n

6.11

45 P ro n a tio n

-6.18

30 P ro n a tio n

4 .5 0

15 P ro n a tio n
N e u tra l

T o rsio n (N mm)
M ean

SD

6.44

-47.69

31.27

6.05
6.07

-50.73

33.61

8.11

-53.30

37.62

5.92

8.32

5.88

5923

39.76

8.21

6.58

8.96

6.54

-62.34

43.54

3.43

8.30

6.72

-67.60

42.68

8.49

6.52

9.73
10.49

7.47

4.63

-71.65

45.27

3.90

7.11

5.88

9.57

7.96
6.82

-51.00

28.96

7.74

5.79

9.03

6.66

8.57

6.10

6.36

0.76

0.89

8.77

6.16

9.05
8.87

54.32
-57.37

28.29

-2.60

3.55
2.27

6.10
6.37

-61.71
-65.54

36.16

34.20

15 S u p in a tio n

3.54

1.85

8.69

6.41

9.56

30 S u p in a tio n
45 S u p in a tio n

5.78

3.64

8.58

6.54

7.40

-70.99

7.22

5.01

8.98

6.35

10.40
11.55

8.04

-73.82

38.13
37.71

45 Pro n a tio n

-8.90

6.28

7.58

6.43

11.80

8.83

-58.12

41.65

30 P ro n a tio n

-6.10

3.99

8.34

6.44

10.49

7.32

15 P ro n a tio n

-3.73

1.75

9.09

6.64

9.96

6.62

-63.75
-65.40

42.64
51.99
53.99

39.05

N e u tra l

1.39

0.64

9.61

6.33

9.76

6.29

-69.51

15 S u p in a tio n

4.09

1.93

9.58

7.04

10.62

6.95

-73.56

57.78

30 S u p in a tio n

6.11

9.49

7.19

11.44

7.72

56.49

45 S u p in a tio n

7.75

3.45
4.62

9.63

6.82

12.48

8.03

-78.11
84.06

45 P ro n a tio n

-7.69

4.77

7.41

6.00

10.80

7.48

55.46

39.50

30 P ro n a tio n

-5.54

3.80

8.28

10.09

6.82

15 P ro n a tio n

-3.46

2.36

8.98

5.90
5.79

9.74

6.03

38.02
46.64

9.34
9.40.

5.58

9.49

5.48

58.76
-60.37
-63.97

6.10

10.29

6.11

-68.24

51.95

59.30

N e u tra l

1.01

0.90

15 S u p in a tio n

3.81

1.89

30 S u p in a tio n

5.75

9.30

7.13

11.06

7.68

72.59

51.12

45 S u p in a tio n

7.16

3.36
4.47

9.45

6.48

45 P ro n a tio n

-10.52

5.81

8.11

6.63

11.93
13.40

7.72
8.60

-77.55
-57.85

53.25
45.75

30 P ro n a tio n

-7.14

4.31

8.99

6.63

11.65

4.51

1.84

9.66

6.84

10.83

7.63
6.78

-63.95

15 P ro n a tio n

69.22

45.36
46.44

N e u tra l

1.76
4.87

0.43

10.10

6.49

-71.32

56.62

2.03

9.95

6.65

10.32
11.17

6.39

15 S u p in a tio n

6.78

-74.98

58.80

30 S u p in a tio n

6.63

3.46

9.78

6.78

11.88

7.49

80.14

62.93
61.52
46.21

48.45

45 S u p in a tio n

8.43

5.08

9.75

6.43

12.95

8.08

-85.29

45 P ro n a tio n

-12.60

5.97

6.76

15.43

8.75

-59.03

30 P ro n a tio n

-8.26

4.66

8.67
9.47

1.65

10.25

12.74
11.67

6.73

-65.89
-71.11

45.82

-5.09

6.77
6.97

7.90

15 P ro n a tio n
N e u tra l

2.39

0.64

10.41

6.56

10.76

6.43

-73.43

57.19

15 S u p in a tio n

4.66

2.01

10.35

6.72

11.50

-76.53

59.39

30 S u p in a tio n

6.98

3.68

9.85

12.14

■81.84

63.56

45 S u p in a tio n

9.13

5.28

9.93

6.75
6.41

6.72
7.58

13.56

8.17

-87.34

62.14

Table E.4 - Mean and Standard Deviation Load Data for Intact Trials
Mean and ± 1 standard deviation determinedfrom 8 specimens.
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S e c tio n e d T F C C L ig a m en ts

Native

5DT

10DT

10DA

10DA +
5DT

10DA +
10DT

A n te r io r - P o s te rio r

M e d ia l - L ateral

D ista l U ln a

F o rc e (N )

F o rc e (N )

F o rc e (N )

R o ta tio n

M ean

SD

M ean

SD

M ean

4 5 P ro n a tio n

-1.84

1.76

4.09

4.35

4.54

SD
4.64

30 P ro n a tio n

-1.31

4.32

4.24
4.47

4.39

-0.63

1.60
1.17

4.14

15 P ro n a tio n

4.45

N e u tra l

0.13

1.20

4.60

4.93

T o rsio n (N mm)
M ean

SD
23.14

4.48

-30.67
-33.87

4.53

-36.04

26.58

4.76

4.91

-37.55

27.12

5.50
6.17

5.23

-39.96

28.53

5.48

•41.90

28.49

5.74

28.42

26.04

15 S u p in a tio n

2.14

1.76

4.97

5.03

30 S u p in a tio n

3.12

2.16

5.24

5.15

45 S u p in a tio n

2.19
1.07

4.95
3.80

5.61

45 P ro n a tio n

3.30
-1.90

3.98

6.19
4.39

3.95

-42.82
-31.74

30 P ro n a tio n

-1.54

1.19

3.88

4.06

4.31

4.07

34.66

27.13

15 P ro n a tio n

-1.06

0.99

4.03

4.41

4.00

-37.23

27.69

N e u tra l

-0.17

0.43

4.15
4.44

4.31

4.47

4.30

-38.69

28.25

15 S u p in a tio n

2.06

1.03

4.45

4.55

520

4.29

4 1 .1 0

30 S u p in a tio n

3.09

2.46

4.81

4.49

5.76

5.07

43.33

29.72
29.67

45 S u p in a tio n

3.51

2.51

4.69

4.58

4 4 .5 0

29.60

-2.58

2.30

3.83

4.67

-31.10

23.62

30 P ro n a tio n

-1.79

2.01

4.15

4.18
4.07

5.93
4.71

5.13

45 P ro n a tio n

4.61

4.44

-3 5 2 3

21.72

15 P ro n a tio n

-1.15

1.69

4.69

4.29

4.95

4.46

-38.23

25.34

N e u tra l

0.62

5.06

4.57

5.15

4.50

1.15

5.02

4.64

5.70

4.40

40.12
4 1 .4 8

27.68

15 S u p in a tio n

-0.29
2.07

30 S u p in a tio n

3.32

2.74

4.82

6.33

5.49

44.26

29.12
29.08

45 S u p in a tio n

3.57

2.79

5.35
5.47

5.04

6.58

5.71

4 3 .3 1

29.01

45 P ro n a tio n

-2.23

1.94

3.70

4.22

4.41

4.54

-31.73

25.56

30 P ro n a tio n

-1.74

1.76

3.85

4.15

4.32

4.40

-36.33

15 P ro n a tio n

-1.09

1.29

4.38

4.76

4.44

N e u tra l

-0.16

1.32

4.53
4.98

4.70

5.13

4.70

-39.22
4 0 .2 7

22.15
22.47

15 S u p in a tio n

2.56

1.93

4.91

4 1 .8 5

3.70

2.11

5.09

5.55
6.37

5.12

30 S u p in a tio n

4.78
4.97

529

4 5 .1 8

28.50

45 S u p in a tio n

4.01

4.93

5.15

6.55

5.31

-2.86

4.15

4.24

5.11

4.77

-45.52
-32.57

28.63

4 5 P ro n a tio n
30 P ro n a tio n

2.15
2.37

-2.15

2.07

4.35

4.23

4.95

4.60

-37.36

22.60

15 P ro n a tio n

-1.34

1.24

4.97

4.46

5.25

4.49

-39.95

21.66

N e u tra l
15 S u p in a tio n

-0.38

0.63
1.26

5.19

4.46

5.26

4.99

6.05

4.42
4.78

4 1 .5 7

521

4 3 .2 9

25.38
29.11

2.47

24.10

24.89
28.54

26.07

30 S u p in a tio n

3.82

5.08

6.68

5.72

45.6 1

28.22

4.17

2.82
2.87

5.39

45 S u p in a tio n

5.53

5.14

7.00

5.79

4 6 .7 3

29.20

45 P ro n a tio n

-3.06

2.28

4.32

4.36

5.45

4.73

-35.03

27.48

30 P ro n a tio n

-2.76

2.20

4.65

3.60

5.51

4.06

-39.09

23.28

15 P ro n a tio n

-1.98

1.33

5.01

3.72

5.53

3.72

4223

23.96

N e u tra l

-0.84

0.79

521

3.41

5.36

3.35

4 3 .6 3

26.15

15 S u p in a tio n

3.04

1.48

5.43

4.58

6.64

4.12

45.70

29.99

30 S u p in a tio n

4.11

2.40

5.48

4.93

7.14

5.04

4 7 .7 2

28.84

45 S u p in a tio n

4.57

2.10

5.76

4.77

7.61

4.77

4 8 .6 4

30.09

Table continued on following page

301

S e c tio n e d T F C C L igam ents
A n te rio r

P o s te rio r

45 Pro n a tio n

M ean
-2.89

SD
2.23

5.30

4.99

30 P ro n a tio n

-2.39

2.14

4.61

3.86

5.32

4.23

38.41

23.05

15 P ro n a tio n

-1.78

5.10

-0.35

5.44

4.10
3.67

5.51
5.58

4.13
3.60

•41.22
-42.90

23.72

N e u tra l

\2 1
1.00

15 S u p in a tio n

2.92

1.39

5.15

4.53

6.22

4.27

44.76

29.69

R o ta tio n

20D A

20D A +
5D T

20D A +
10D T

30D A

30D A +
10D T

D ista l U lna
M ean

SD

T o rsio n (N mm)
M ean
SD
-33.42
26.59

25.89

30 S u p in a tio n

4.08

2.83

521

4.89

6.81

28.55

4.30

2.91

4.69

7.25

4 7 .9 7

29.79

-3.35

4.16

5.82

4.59

-34.89

27.13

30 P ro n a tio n

-3.14

2.35
2.27

5.55
4.59

5.38
5.17

46.95

45 S u p in a tio n
45 P ro n a tio n

5.04

4.10

6.07

4.50

-39.78

23.51

15 P ro n a tio n

-2.44

1.37

5.63

4.32

4.25

•4 3 2 5

24.20

N e u tra l

-1.17

0.81

5.77
5.71

4.36

6.31
6.00

4.26

44.99

27.50

15 S u p in a tio n

3.29

7.12

3.91

■46.66

30.29

4.26

1.73
2.06

4.54

30 S u p in a tio n

5.64

4.64

7.39

4 8 .4 9

4 5 S u p in a tio n
45 P ro n a tio n

4.96

2.01

5.92

4.50

8.02

4.50
4.34

49.33

29.13
30.39

-3.69

5.00

4.92

-37.65

27.34

-3.67

5.06
4.79

6.49

30 P ro n a tio n

1.60
1.47

6.80

4.64

-42.43

26.19

15 P ro n a tio n
N e u tra l

-3.00
-1.45

0.95
0.86

5.99

6.99
6.68

4.56

4 5 .3 3

24.69

6.39

4.94
4.71

4.58

-46.61

28.19

15 S u p in a tio n

3.43

1.32

6.36

5.24

7.56

4.86

30 S u p in a tio n

4.78

1.38

6.29

5.35

8.28

4.85

4 8 .6 0
-50.07

29.71

45 S u p in a tio n

5.71

1.68

6.40

5.08

8.95

4.60

-50.72

31.00

45 P ro n a tio n

-3.40

1.81

5.13

4.53

6.31

4.65

-36.77

27.85

30 P ro n a tio n

-3.41

2.01

5.40

4.39

6.53

4.60

-2.66
-1.38

1.09

5.92

4.31

6.71

4.05

4 0 .3 5
43.66

23.74

15 P ro n a tio n

0.81

6.19

4.15

6.44

45.11

26.68

N e u tra l

30D A +
5D T

M e d ia l - L ateral
M ean
SD
4.22
4.69

5.44

30.90

24.45

15 S u p in a tio n

3.22

1.27

6.23

4.54

7.32

4.06
4.14

47.00

29.44

30 S u p in a tio n

4.30

1.14

6.16

5.30

7.90

4.74

49.28

29.42

45 S u p in a tio n

5.11

1.36

4.82

8.49

4.17

•50.02

4 5 Pro n a tio n
30 P ro n a tio n

-4.10
4 .1 8

1.65

6.26
5.27

4.93

6.94

4.79

-38.11

30.69
28.39

1.52

5.93

4.93

7.49

4.75

4 3 .7 7

26.66

15 P ro n a tio n

-3.59

0.98

6.42

5.09

7.67

4.63

46.90

26.04

N e u tra l

0.88

6.75

4.83

7.00

27.85

1.45

6.64

4.95

8.09

4.73
4.60

4 7 .2 0

15 S u p in a tio n

-1.39
4.07
5.12

1.42

6.18

5.05
4.78

8.58

45 S u p in a tio n

6.51
6.49

924

4.67
4.47

4 9 .1 9
■51.27

31.21

30 S u p in a tio n

•52.03

30.01

45 P ro n a tio n

4.65

1.73
1.77

5.68

5.03

7.57

4.95

-39.09

31.31
28.67

30 P ro n a tio n

-4.58

1.67

6.28

5.03

7.99

4.92

4 5 .0 1

26.93

15 P ro n a tio n

-3.82

1.36

6.86

5.19

8.08

4.96

4 8 .0 0

26.80

N e u tra l

0.91

4.79
4.27

29.96

5.00

721
8.61

4 9 .1 7

1.46

6.98
6.94

4.88

15 S u p in a tio n

-1.33
4.28

-50.41

30.95

30 S u p in a tio n

5.48

1.46

6.57

5.03

8.84

4.65

-52.61

30.30

45 S u p in a tio n

6.67

1.79

6.62

4.77

9.67

4.48

-53.35

31.62

Table E.5 - Mean and Standard Deviation Load Data for Sectioned TFCC Trials
Mean and ± 1 standard deviation determined from 8 specimens.
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